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ABSTRACT

Mucosal immune system comprises not only the major compartment of the immune system but also
important interface with the outer environment. It is responsible in maintaining an intricate balance with
the danger and non-danger stimuli of the outer world by employing specific anatomical features and
unique functional mechanisms. Mucosal immune system has been long understudied, perhaps due to the
limited accessibility, and its biological importance is thus still underevaluated. However, it has become
evident that it is important to study mucosal immune system not only in local mucosal affections but also
when uncovering pathogenic mechanisms and novel prevention strategies of organ specific autoimmune
diseases such as type 1 diabetes.

Thus, the first, more clinically oriented part of this thesis is focused on mucosal immune system
of the upper respiratory tract in disease conditions - in nasal polyposis (NP).

Because there is a substantial accumulation of eosinophils and neutrophils in the most frequent
type of NP, we investigated and described increased expression of chemokine receptors CCR1 and CCR3
in NP versus nasal mucosa. Both innate immune mechanisms as well as homeostasis of epithelial cells
may participate in NP. We have documented increased numbers of iNOS-positive and insulin-like growth
factor-1 receptor (IGF-1R)-positive cells in both stroma and epithelium of NP.

The second part of the thesis deals with the interplay of the mucosal immune system, dietary
gluten or gliadin in pathogenesis and a novel prevention strategy of autoimmune type 1 diabetes (T1D).

Because gluten-free (GF) diets highly prevent T1D in animal models we investigated the effect of
dietary gluten on the mouse mucosal immune system. In the first two papers, we compared the effects of
the standard, diabetes permissive vs. the diabetes preventive GF diet and found changes in proportion of
mucosal yd T cells, Th17 cells as well as a more proinflammatory cytokine signature associated with the
standard, diabetes-permissive diet. Since not many studies addressed in detail the innate immune
mechanisms of gliadin we next investigated innate signaling pathways utilized by gliadin fragments. We
documented that apart from IL-1f induction, TLR2/4/MyD88/TRIF/MAPK/NF-xB innate signaling
pathway and NLRP3 inflammasome activation are involved in wheat proteins signaling. Finally, we tested
intranasal (i.n.) administration of gliadin as a novel vaccination strategy - using an environmental
compound that may have etiological role in T1D. We showed that i.n. gliadin is able to substantially
reduce diabetes incidence in NOD mice and also reduce diabetes incidence when applied much later to
already prediabetic mice. The effect was associated with increased proportion of potentially regulatory yé
T cells, and to a lesser extent also CD4"Foxp™ Tregs, in mucosal compartments as well as with changes in
their cytokine signatures.

In conclusion, this thesis deals with the mucosal immune system. We addressed some pathogenic
processes in a local mucosal affection - NP as well as studied interactions of environmental factors and
mucosal immune system in pathogenesis and also as possible novel prevention strategy in T1D.

Keywords: mucosal immune system; nasal polyposis; type 1 diabetes; pathogenesis; prevention.



ABSTRAKT

Slizni¢ni imunitni systém pfedstavuje nejen hlavni slozku imunitniho systému, ale také dilezité rozhrani
s vnéjsim prostfedim. Je zodpovédny za udrZzovani jemné rovnovahy mezi bezpecnymi a nebezpeénymi
podnéty zokoli za vyuZiti specifickych anatomickych struktur a funkénich mechanisma. Slizni¢ni
imunitni systém nebyl dlouho dostatecné studovan, také kvili své omezené dostupnosti, a jeho
biologicky vyznam je podceiiovan. Nicméng je ziejmé, ze jeho studium je dulezité nejen v mistnich
interakcich na sliznicich, ale také pifi odhalovani patogenetickych mechanizmli a novych strategii
prevence organové specifickych autoimunitnich onemocnéni jako naptiklad T1D.

Prvni, vice klinicky orientovand Cast této disertace je zaméfena na slizni¢ni imunitni systém
horniho respira¢niho traktu postizeny chorobou — nosni polyp6zou (NP). Vzhledem k tomu, Ze nejcastéji
se vyskytuji polypy se znacnou akumulaci eosinofilli a neutrofilli, vySetfovali jsme a popsali zvySenou
expresi chemokinovych receptorit CCR1 a CCR3 v nosnich polypech oproti nosni sliznici. K nosni
polypoze mohou pfispivat jak mechanismy pfirozené imunity, tak homeostaza epitelovych bunék.
Zdokumentovali jsme zvySeny pocet iNOS pozitivnich a insulin-like growth factor-1 receptor (IGF-1R)
pozitivnich bunék jak ve stromatu, tak v epitelu NP.

Druhé cast prace se zabyva souhrou slizniéniho imunitniho systému, glutenu ¢i gliadinu z diety
v patogenezi a v nové strategii prvence autoimunitniho diabetu 1. typu (T1D). Protoze bezlepkova (GF)
dieta u zvifecich modell vysoce zabranuje T1D, studovali jsme efekt glutenu z diety na mysi slizni¢ni
imunitni systém. V prvnich dvou publikacich jsme srovnavali efekt standartni, diabetes-permisivni
s diabetes preventivni GF dietou a nasli jsme rozdily v proporci slizni¢nich yo T bunék, Th17 bunék
stejn¢ jako zvySenou produkci prozanétlivych cytokinti spojenych se standartni, diabetes permisivni
dietou. ProtoZze pouze malo studii se zabyvalo detailné¢ mechanismy pfirozené imunity u gliadinu, jako
dal$i jsme vySetrovali signaliza¢ni drdhy pfirozené imunity uzivané fragmenty gliadinu. Zdokumentovali
jsme, ze krom¢ indukce IL-1B, jsou vsignalizaci pSenicnych proteini zahrnuty i
TLR2/4/MyD88/TRIF/MAPK/NF-«B signaliza¢ni draha a aktivace inflamazomu NLRP3. Nakonec jsme
testovali intranasalni (i.n.) administraci gliadinu jako novou vakcina¢ni strategii — uziti slozky prostiedi,
ktera mtze hrat roli v etiologii T1D. Ukazali jsme, Ze i.n.gliadin je schopen zna¢né redukovat incidenci
diabetu u NOD mysi a také redukuje incidenci diabetu, kdyZz je poddn mnohem pozd&ji jiz
prediabetickym mysim. Tento efekt byl spojovan se zvySenym podilem potencialné regulacnich y6 T
bun¢k, a v mensi mife také CD4+Foxp+Tregs ve slizni¢nich kompartmentech, stejné jako se zménou
cytokinovych profild.

Zavérem, tato prace se zabyva sliznicnim imunitnim systémem. Zaméfili jsme se na urCité
patogenetické procesy v mistnich slizni¢nich vztazich - NP a soucasn¢ jsme studovali interakce mezi
faktory vnéjsiho prostiedi a slizniéniho imunitniho systému v patogenezi a také v mozné novatorské
prevencni strategii u T1D.

Klic¢ova slova: slizniéni imunitni systém; nosni polypdza; diabetes 1. typu; patogeneze; prevence.
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1. INTRODUCTION

1.1. Mucosal immune system

1.1.1. Characteristics

The mucosal immune system comprises from upper and lower respiratory tract,
gastrointestinal tract, urogenital tract, olfactory mucosa and duct portions of the exocrine
glands including mammary glands. The total mucosal surface area in the body reaches more
than 300 m’, while area of the skin reaches in adult about 1.5 m”. Mucosal lymphatic tissue
is in fact the biggest immune organ in the body containing in a healthy adult around 80% of
immunocompetent cells of the body. The mucosal immune system displays several unique
anatomical structures as well functional mechanisms, that have most likely devolved due to
the specific interaction with the outer environment, including commensal microflora,
present on many mucosal surfaces (Brandtzaeg et al., 2008).

The mucosal immune system has following main functions: (1) anti-infectious role -
protection of the mucous membranes against colonization and invasion by potentially
dangerous microbes that may be encountered, (2) barrier function - barrier against
penetration of infectious and immunogenic components present on the mucosas into the
circulation and thus into the inner environment of the organism (3) ‘oral or mucosal
tolerance’ - low reactivity or immunosupression to harmless antigens present on mucosal
surfaces (4) immunoregulatory function - maintenance of mucosal homeostasis and to
prevent uptake of non-degraded antigens including foreign proteins derived from ingested
food, airborne matter and commensal microorganisms, as well as to prevent the
development of potentially harmful immune responses to these antigens if they do reach the
body interior (Tlaskalova-Hogenova et al., 2002; Holmgren and Czerkinsky, 2005;
McGhee and Fujihashi, 2012).

Thus, in relation to the above listed functions, several mechanisms within the
mucosal immune system are enhanced or uniquely developed. Mucosal surfaces are
characterized by well developed barrier function — that is achieved by the presence of a
mucus layer consisting of complex of mucins and glycoproteins, local production of
antibacterial agents by mucosa (e.g. defensins, collectins), the continuous layer of rapidly
renewing epithelial cells and their interconnection by tight junctions (Ogra et al., 1999;

Tlaskalova-Hogenova et al., 1995). Last but not least, mucosal immune system is also
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characterized by the specific feature - production of secretory immunoglobulins, IgA but
also IgM, that are produced by plasma cells as polymers and transported via specific
polymeric immunoglobulin receptor from basolateral site of the epithelial cells (e.g.
enterocytes) to luminal surfaces. This barrier function of mucosal surfaces is neonatally
subsidized by secretory IgA present in milk and colostrum (Ogra et al. 1999; Brandzaeg,
2009).

Another feature of the mucosal immune system is represented by strong innate
immune (Kumar et al., 2011; Santaoalla et al., 2011) mechanisms that has to deal with the
imminent danger signals as well as the interplay with the nervous systems and impacts of

neuro-messengers (Alonso et al., 2014; Assas et al., 2014).

1.1.2. Inductive and effector sites of the mucosal immune system
The mucosal immune system can principally be divided into inductive sites - where
antigens sampled from mucosal surfaces stimulate cognate naive T and B lymphocytes -
and effector sites - where the effector cells after extravasation, retention, and differentiation
perform their action, for instance by contributing to the formation of secretory antibodies
(Brandtzaeg et al., 2008, Brandtzaeg et al., 2009; McGhee and Fujihashi, 2012).

The inductive sites for mucosal immunity are represented by organized mucosa-
associated lymphoid tissue (MALT) as well as local/regional mucosa-draining lymph nodes
(LNs). All MALT structures resemble LNs with variable T-cell zones intervening between
the B-cell follicles and contain a variety of antigen-presenting cells, including DCs and
macrophages. However, MALT lacks afferent lymphatics because all such lymphoid
structures actively sample exogenous antigens directly from the mucosal surfaces through a
characteristic follicle-associated epithelium containing "microfold" or "membrane" (M)
cells. (Ogra et al., 1999; Brandtzaeg et al., 2008). Thus, the M cells are highly specialized
epithelial cells that transport transepithelialy soluble and especially particulate antigens
such as macromolecules, particles and microorganisms from the gut lumen. (Neutra et al.,
1996)

The MALT represents a highly compartmentalized immunological system and
functions essentially independent from the systemic immune apparatus (Holmgren and
Czerkinsky, 2005). It is comprised of anatomically defined lymphoid microcompartments
such as NALT - nasopharynx associated lymphoid tissue, cervical lymph nodes, GALT -

gut associated lymphoid tissue comprising the PP-Peyer patches, MLN- the mesenteric
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lymph nodes, the appendix and ILF- isolated (solitary) lymphoid follicles in the intestine as
well as other mucosal solitary lymph nodes. Some of the structures were sometime
specifically named e.g. LALT - larynx-associated lymphoid tissue or TALT (Eustachian
tube-associated lymphoid tissue), (Brandtzaeg et al., 2008). Apart from GALT also
bronchus-associated lymphoid tissue (BALT) has been reported, however Tschernig and
Pabst have shown that BALT is normally found only in infants and under pathological

conditions but not in healthy adult humans (Tschernig and Pabst, 2000).
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Figure 1. Mucosal inductive and effector sites in mucosal immunity (adapted from

Brandtzaeg and Pabst, 2004).

The effector sites consist of distinctly different histological compartments such as
the lamina propria (LP) of various mucosae, the stroma of exocrine glands, and surface
epithelia (Figure 1; Brandtzaeg and Pabst, 2004; Brandtzaeg et al., 2008). The cellular
components of the effect sites of the mucosal immune system and their soluble factors
could belong to both the innate as well as adaptive branches of immunity and their
involvement may differ according to the anatomical location. Thus, epithelial cells,
macrophages, dendritic cells, granulocytes, mast cells but also fibroblasts, NK cells, innate
lymphoid cells (ILCs) could be listed as innate components within the effector sites while

intraepithelial lymphocytes (including the specific CD8aoe homodimer T cells) and lamina
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propria lymphocytes belong to the adaptive arm of the mucosal effector sites (Tlaskalova-

Hogenova et al., 2002).

1.1.2.1. NALT - nasopharynx (or nasal) -associated lymphoid tissue
The NALT — nasopharynx-associated lymphoid tissue in rodents, which is an equivalent of
lymphoid tissue of Waldeyer’s pharyngeal ring including the adenoids and palatal tonsils in
humans in the upper respiratory tract, is less studied nevertheless important compartment of
mucosal immune system, with several connections to both intranasal administration of
antigens as well as nasal mucosa itself. There is a bit of confusion in the nomenclature
(Brandtzaeg et al., 2008) as NALT has also been often refereed as Nasal- or Nose-
associated lymphoid tissue. We and others have shown that NALT is a mucosal inductive
site for both humoral and cellular immune responses (Zuercher et al., 2002; Wu et al.,
1996). NALT displays several similarities with Peyer’s patches (PP) of the gut (Heritage et
al. 1997). Naive CD4 cells within NALT display a ThO phenotype (Hiroi et al., 1998) and
have a potential to develop towards regulatory Th2 cells. NALT consist of Bcell zones and
T cell areeas consisiting of major populations of navive B cells and naive T cells
(CD45RB"") respectivelly. Its epithelium contains specilized M cells and folloce
associated epithelim for antigen uptake (Wu et al., 1996; Takata et al. 2000; Jeong et al.,
1999). Intranasal application route has been shown to induce strong mucosal specific but
also systenic immune antibody and CTL responses (Heritage et al. 1997; Porgador et al.,
1997). NALT high endothelail venus express a specific peripheral node addressin (PNAd)
in conjuction with the MAdCAM-1, what is one of the major differences of NALT from PP
in the GALT. Thus, slightly different recruitment and retention of the L-seletin expressing
naive lymphocytes occurs in the NALT (Csecsits et al.; 1999).

In conclusion, NALT is an important lymphoid organ to study in induction of
immune responses by nasally administered antigens (Daniel and Wegmann, 1996; Harrison

etal., 1996; Zanvit et al., 2010).

1.1.3. Microbiota of mucosal surfaces

The skin and mucosal surfaces of the body of vertebrates are colonized by vast numbers of
microorganisms, commonly referred as microbiota (Kamada et al., 2013). The microbiota
comprises mainly bacteria; however, viruses, fungi and protozoas are also present. Human

microbiota consist of trillions of bacterial cells, 10-times more cells than the number of
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cells constituting the human body. Some metagenomic studies have suggested that less than
10% of the cells that comprise our bodies are Homo sapiens cells. The remaining 90% are
bacterial cells. (Hutter et al., 2015). Bacteria are present at anatomical locations that
provide suitable conditions for their growth and proliferation. Skin is predominantly
colonized by bacteria in the skin folds. The upper airways, particularly the nasopharynx,
harbor bacteria, as do some mucosal surfaces of the genital tract, although the greatest
number of bacterial cells is found in the digestive tract. The oral cavity (tongue, teeth and
periodontal tissues) harbors high numbers of bacteria (10'%). The stomach has only 10°-10*
bacteria, the jejunum harbors 10°-10° bacteria and the terminal ileum harbors 10°-10°.
However, the largest number of bacterial cells is found in the large intestine (10'' per gram
of intestinal content), (Tlaskalova-Hogenova et al., 2011).

Commensal bacteria are indispensable for the normal function of the mammalian
organism. It is well known that our ability to extract energy and nutrients from food
depends on the presence of resident gut bacteria, the intestinal microbiota (Ivanov and
Littman, 2011). Most of the commensal bacteria are symbiotic; however, after translocation
through the mucosa or under specific conditions, such as immunodeficiency, commensal
bacteria could cause pathology (Tlaskalova-Hogenova et al., 2011). Microbiota represents a
complex ecosystem with enormous microbial diversity (Bickhed et al., 2012). Commensal
bacteria are not simply beneficial bystanders, but are important modulators of intestinal
immune homeostasis and that the composition of the microbiota is a major factor in pre-
determining the type and robustness of mucosal immune responses (Ivanov and Littman,
2011). It is noteworthy that the number of genes of our colonic microbiota exceeds the
number of genes in the human genome by 150 times. There are more than 50 bacterial
phyla on Earth, but human gut-associated microbiota are dominated by four main phyla:
Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria (Eckburg et al., 2005).
Fundamental comparative studies of human fecal microbiota have revealed the astonishing
fact that each of us has a unique microbiota, i.e. there are considerable differences between
the compositions of the microbiota of individuals (Human Microbiome Project Consortium,
2012). It has also been shown that the main bacterial populations comprising our
microbiota stabilize during the first years of life. During this time, the microbiota develops
and subsequently remains stable throughout our life in terms of the major bacterial
populations, even after antibiotic treatments (Hooper and Macpherson, 2010). Dietary
interventions and the administration of probiotics could be effective means of changing the

composition of the relatively simple microbial community present in the small intestine and
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could thereby substantially affect this community's metabolic and immunomodulatory

functions (Tlaskalova-Hogenova et al., 2011).

1.1.4. Common mucosal immune system

The concept of common mucosal immune system has evolved as researchers have noticed
that immune responses built upon local mucosal stimulation or induction of immune
response could be also detected not only in circulation, but more importantly also in other
mucosal sites, including exocrine glands (McDermott and Bienenstock, 1979; Mestecky,
1987; Salmi and Jalkanen, 1999). Thus, upon encounter of an environmental antigen,
adaptive immune responses are detected within the effector sites of the whole mucosal
immune system.

The molecular basis of the process has become partly uncovered. One of the major
contributing mechanism is based on expression of [7 integrins e.g. a4p7 or aEB7 by
mucosal lymphocytes and expression of corresponding homing receptors - mucosal
addressin cell adhesion molecule, MAdCAMI1 on endothelial cells of mucosal vessels
(Shaw and Brenner, 1995).

The concept of common mucosal immune system in distribution of adaptive
immune responses within the mucosal compartment was documented for both plasma cells
as well as T cells (Ogra et al., 1999). Immune responses within the common mucosal
system nevertheless seem to be modified by tissue specificities or by tissue prevailing types
of immune responses. Thus, upon antigen encounter, induction of slightly different, tissue-
specific immune responses could be found in various mucosal sub-compartments (Zuercher
et al., 2002; Matzinger and Kamala, 2011). The common mucosal immune system and the
mucosa-wide distribution of adaptive immune responses have not only important
physiological role but could be also exploited in vaccination or in other immuno-
intervention strategies (Zuercher et al. 2002; Mickova et al. 2005; Funda et al., 2014;
Harrison et al., 1996).

1.1.5. Mucosal tolerance and vaccination

Oral tolerance refers to physiologic induction of tolerance that occurs in the GALT and
more broadly at other mucosal surfaces such as the respiratory tract (Faria and Weiner,
2005; Mora et al., 2006; Weiner et al., 2005). Although strong effector immunity is

required to protect from pathogens, it is important that other non-dangerous antigens such
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dietary components or commensal microflora do not lead to chronic, pathological
inflammatory condition. In order to maintain this balance, several mechanisms have
evolved both on the effector and regulatory arm of the immune reponse. While “danger”
signaling via e.g. pattern recognition receptors is needed for mounting effector immune
mechanisms, other antigens (especially native forms) are processed and reacted to in a
manner that leads to hyporesponsiveness, also called mucosal (oral) tolerance. The
phenomenon of “oral tolerance” has been known for over a century, i.e.
hyporesponsiveness to a fed antigen on subsequent challenge with that antigen (Wells and
Osborne, 1911; reviewed in Faria and Weiner, 2005). It is now recognized that there are
multiple mechanisms of oral tolerance, and one of the prime determinants is the dose of the
antigen. Low doses favor the induction of Tregs, whereas higher doses favor the induction
of anergy or deletion. High doses of antigen are also needed to suppress humoral immunity.
These mechanisms are not exclusive, especially at higher doses. The immunologic
mechanisms of oral tolerance have been studied by a many investigators over the past 40
years, and during that time, the immunologic concept of active immune regulation or
‘suppression’ has been in and out of favor (Faria and Weiner, 2005; Weiner et al., 2011).
Both cell to cell interactions as well as soluble factors e.g. anti-inflammatory cytokines
(bystander suppression) are involved in the mechanisms of mucosal tolerance. Moreover, it
is not only antigen dose or only the cytokine environment within the mucosa, but also
antigen presentation and sequence of exposure to cytokines what may determine the
outcome of an immune response in mucosal compartment (Mowat et al. 2003; Mowat and
Bain, 2011; Li and Flawell, 2008).

The existence of common mucosal immune system together with the ease of
administration (oral, nasal) makes mucosal vaccination an ideal application route for
induction of protective immune responses. Thus, delivery of vaccines to GALT or NALT
may induce systemic responses, providing one can tackle the obstacle of mucosal tolerance
(Ennis et al.; 1982; Gallichan and Rosenthal, 1996; Prokesova et al., 2009). For this
purpose several mucosal adjuvants have been developed e.g. cholera toxin B (Bergquist et
al., 1997).

Indeed, different situation is in prevention of autoimmune diseases, where the
phenomenon of mucosal tolerance could be exploited to downregulate autoimmune
responses to disease specific antigens or so-called autoantigens (Tarkowski et al., 1999;

Harrison et al., 1996; Daniel and Wegmann, 1996; Ramiya et al. 1997). Nevertheless, this
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1s much more difficult to achieve in humans than in animal models of autoimmune diseases

(Hanninen and Harrison, 2004).

1.2. Nasal polyposis

1.2.1. Introduction

Nasal polyposis (NP) is a chronic and recurrent inflammatory disease of nasal and sinus
mucosa manifesting by non-tumorous grape-like structures originating from the ostiomeatal
complex and prolabing into the upper nasal cavity. It is remarkable that polyps develop
exclusively from a few square cm of airway mucous membrane which often is universally
inflamed. The reason for this is unknown and one can only speculate about the nature of a
“localisation factor”. (Mygind et al., 2000). The Hadley’s clinical scoring of nasal
polyposis (Hadley and Schaefer, 1997) includes categorization of nasal polyps in relation to
their sizes. These have been subdivided into 4 stages. It could range from a single solitary
polyp to diffuse nasal and paranasal polyposis filling the whole nasal cavity and sinuses, in
extreme cases even prolabing from the front of the nostrils or deforming the skeleton of the
nose forming a frog-like nose. This leads to nasal obstruction and blockage, nasal
discharge, post nasal drip, facial pain, increased sense of smell, dysomia, or anosmia and in

general to decreased quality of life (Wabnitz et al., 2005).

1.2.2. Histology

Polyps are characterized by massive tissue edema with sparse fibrous cells, decreased
number of mucous glands and vessels with no innervation, proliferation of stromal and
epithelial elements and a thickening of the basement membrane (Taylor, 1963). Stroma of
nasal polyps consists (except of tissue edema) of supporting fibroblasts and infiltrating
cells. Approximately 80% of the infiltrating cells constitute of activated eosinophils (Stoop
et al, 1993), followed by neutrophils, mast cells and lymphocytes with increased
proportion of T-lymphocytes (Jones et al., 1987; Fokkens et al., 2007). Eosinophils are
located along the vessels, mucous glands and under the basement membrane (Kakoi and
Hiraide, 1987). Most of the polyp surface is covered by a ciliated pseudostratified
epithelium, but a transitional and squamous epithelium is also found, especially in anterior

polyps, influenced by the inhaled air currents (Mygind et al., 2000; Larsen and Tos, 1990).
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As mentioned above, the cellular components comprise a variety of cells including
eosinophils, mast cells, lymphocytes, neutrophils and plasma cells.

Based on histological characteristics, polyps may be broadly classified into four
types: (1) eosinophilic edematous type (edematous stroma with a large number of
eosinophils); (2) chronic inflammatory or fibrotic type (large number of inflammatory cells
mainly lymphocytes and neutrophils with fewer eosinophils); (3) seromucinous gland type;
and (4) atypical stromal type. Of the four histological types, the eosinophilic edematous
type and the chronic inflammatory type are most commonly seen in clinical practice
(Pawankar, 2003). However, this does not hold true in East Asia including China, Korea
and Japan, where according many studies eosinophilic NPs are less frequent (Cao et al.,
2009; Ikeda et al., 2013, Kim et al., 2011, Kim et al., 2007; Kim et al., 2013; Kato, 2015;
Wen et al., 2012; Yoshimura et al., 2011; Zhang et al., 2008).

1.2.3. History

The first reference about nasal polyps is documented in the medical and surgical scripts and
scrolls from Ancient Egypt from around 2475 B.C., (Pahor and Farid, 2003). The other
references come from the Byzantine times (AD 324-1453). The original Greek-language
texts of the Byzantine medical writers describe the early knowledge of the definition,
symptoms, conservative treatments, and surgical intervention in cases of this disease. A
considerable number of conservative treatments, etiologic and local (with inunctions or
blowing of caustic substances), with evident influence from Roman medicine, were
identified even in the early Byzantine medical texts (4th century). The first meticulous
intranasal surgical removal of polyps was described. During the early 20" century there the
effectiveness of various conservative treatments such as radium therapy (Findlay, 1947) or
procaine penicillin solutions (Ruskin, 1950) was tested. Around the half of 20™ century
arose use of the first corticoid aerosols (Lecco, 1953). The surgical treatment for nasal
polyposis developed gradually from the 19" century. It wasn’t until the late 1960s and 70s,
Prof. Walter Messerklinger and Prof. Heinz Stammberger, started what would become a
revolution in diagnosis and treatment of nasal and sinuses diseases: rigid endoscopy,
functional endoscopic sinus surgery (FESS) being the best known off-spring of this
development. The best available treatment for nasal polyposis to date combines both

conservative and surgical approach.
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1.2.4. Prevalence

Rhinosinusitis (RS) and chronic rhinosinusitis (CRS) are a significant health problem
which seems to mirror the increasing frequency of allergic rhinitis and which results in a
large financial burden on society (Bachert et al., 2014). Rhinosinusitis is a broad umbrella
term covering multiple disease entities, including acute RS (ARS), CRS with nasal polyps
(CRSwNP) and CRS without nasal polyps (CRSsNP), (Fokkens et al., 2012). The GA2LEN
study concluded that the overall prevalence of CRS by EP30OS criteria was 10.9% (range
6.9- 27.1) (Hastan et al., 2011). Nasal polyposis prevalence ranks from 0.5 till 4.5% and
differs in particular geographical regions and most probably is also dependent on genetic
predisposition in different races and populations. The prevalence rises with the age and it is
more common in men (2.1:1) (Johanson at al., 2003) with exception of Samter’s trias
(Buchheit and Laidlaw, 2016), in which women are more commonly affected (2.3:1)
(Szczeklik, 2000). According the nationwide survey in Korea nasal polyps prevalence
diagnosed by nasal endoscopy was 0.5% in the population, while prevalence of CRS was
1.01% (Min, 1996). In following study by Kim in 2011 the prevalence of CRS in Korea
was 6.95%. (Kim, 2011). Swedish population study which uses nasal endoscopy for nasal
polyps diagnosis states prevalence of the diseases 2.7% in the general population with
higher incidence in men and asthmatics (Johanson 2003). Finish study based on
questionnaire states prevalence of 4.3 % in adult population (Hedman, 1999). Retrospective
study evaluating data of 6000 patients from hospitals, allergy clinics and outpatients offices
in the USA states prevalence of 4.2% in general population and 6.7% in asthmatics,
respectively (Settipane, 1977). According to the newer studies, rhinosinusitis is highly
prevalent in the United States, affecting an estimated 16 % of the adult population annually
according to a National Health Interview Survey without specifying the particular disease
entities (Anand, 2004). Occurrence of NP in children is rare with the exception in cystic

fibrosis patients (Sanders 2016).

1.2.5. Genetic factors and association with other diseases

Family burden is common in nasal polyposis. In a French multicentre study it was stated by
58.7% patients that they have one or more first-degree relatives (parents, full siblings,
children) affected by NP; 43.6% had one or more first-degree relatives affected by
bronchial asthma (Crampette et al., 2001). Similarly to autoimmune diseases, association

with particular HLA alleles was described in NP. For instance, a Hungarian study
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comparing 50 patients with NP with 50 healthy individuals showed 2-3 times higher
probability of NP development in individuals bearing HLA-DR7-DQA1*0201 and
DQB1*0202 (Molnar-Gabor et al. 2000), while a Mexican study on a cohort of 31 patients
with NP compared to 151 healthy individuals stated 5.53 times higher risk of disease
development in individuals bearing allele HLA-DR7-DQA1*0201 and DQBI1*0201
(Fajardo-Dolci et al., 2006). According to the Chinese study comparing HLA alleles in 31
patients with NP to 81 healthy individuals the alleles HLA-DR16, HLA-DQS8 and HLA-
DQ9 pose for their bearers an increased risk of disease, while a dominant HLA-DQ7 could
be on the contrary connected with higher resistance to the disease (Zhai et al., 2007).
Except HLA associations and elevated family burden there was no other strong genetic
factor and thus for example a gene therapy will not be a probable future causal therapy of
NP. In general, it can be concluded that environmental factors play a crucial role in the
development of NP in genetically predisposed individuals.

The population studies show that NP occurs more frequently in patients with
bronchial asthma (Hedman et al., 1999, Settipane et al., 1977, Beule 2015). In studies
covering large cohorts of patients with NP, asthma was found in 30-60% (Slavin, 1982;
Larsen, 1996). Nonspecific bronchial reactivity (BHR) and/or asthma occur more often in
patients with NP than in the general population (Slavin, 1982). Allergy as a possible cause
of nasal polyposis was proposed by Younge in his original paper published in BMJ in 1907
(Younge, 1907). This paper was cited many times since the time of the publication,
however the later studies have not confirmed this very widespread theory (Mygind, 2000).
Aspirin intolerance associated with bronchial asthma and nasal polyps is a distinct clinical
entity called aspirin, or Samter’s or Widal trias (Samter et al., 1967, 1968). Usually, such a
triad starts off with vasomotor rhinitis associated with profuse rhinorrhea, followed by
severe nasal congestion, development of nasal polyposis, bronchial asthma, and finally
aspirin sensitivity. (Pawankar, 2003). It occurs with a prevalence of 10-20% in asthmatic
population (Hedman et al, 1999; Samter et al., 1968; Kasper et al., 2003, Simon et al.,
2015). In women, who prevailed over the men in ratio 2.3:1, the onset of symptoms is
manifested significantly earlier and the disease is also more progressive and severe than in
men (Szczeklik et al., 2000, Simon et al., 2015). Differences in HLA genes are considered
to be one of the reasons for the high prevalence of polyposis in ASA (Molnar-Gabor et al.,
2000). The precise etiology of aspirin-sensitive NP is unclear, but there is an evidence that
impairment of prostanoid metabolism could be involved in the pathogenesis of nasal polyps

(Mullol et al., 2002). Confirmed associations have also been described between

23



eosinophilic nasal polyposis and Churg-Strauss syndrome, a form of eosinophilic
immunovasculitis (Settipane, 1996; Bachert et al., 2003).

Cystic fibrosis is the most common lethal autosomal recessive disease in Caucasian
population (Henriksson, 2002). There has been immense progress in the elucidation of the
molecular and cellular pathophysiology of cystic fibrosis (CF) since the cloning of the CF
gene in 1989 (Kerem et al.,, 1989; Riordan et al., 1989). CF reflects the absence of
functional CFTR protein at the proper cellular location (Welsh and Smith, 1993).
Classifications of CFTR mutations have been developed, that encompass the spectrum of
genetic mutations, but the majority appear to involve misfolding of CFTR protein. (Cheng
et al., 1990). Recent data have linked the abnormal ion transport properties of CF airway
epithelia to depleted airway surface liquid (ASL) volume, reflecting the combined defects
of accelerated Na" transport and the failure to secrete Cl~ (Boucher, 2004). In the ear-nose-
throat area it manifests by chronic sinusitis and nasal polyps. Prevalence of NP in patients
with cystic fibrosis is estimated from 7 to 56% with higher prevalence when using the nasal
endoscopy (Cepero, 1987; Taylor et al., 1974, Brihaye et al., 1994; Jones et al., 1993, Liang
et al., 2013). Dornase alfa and, to a lesser extent, topical steroids demonstrated significant
benefits in the medical treatment CRS in CF. There was a lack of evidence to support
antibiotic therapy in the outcomes assessed (Liang et al., 2014). In the above mentioned
cases recurrent nasal polyps requiring long-term, or permanent corticosteroid treatment are
typical (Cepero et al., 1987; Szczeklik et al., 2000). Although the nasal polyps are often
associated with other diseases, it is not probable that they are causative manifestation of

those diseases.

1.2.6. Environmental factors

Although genetic factors influence development of NP, it is nowadays clear that this is
not the most critical component in the etipathogenesis of the disease. Such a factor might
come from the influence of the environment. Several environmental entities that could in
combination with not very strong, but existing predisposing genetic factors, lead to the
development of this frequent recurrent affection of nasal mucosa were investigated.
Environmental factors as food allergens, pollutants, inhalants and chronic viral,
bacterial or fungal infection were suggested as possible causative agents in nasal polyposis.
It has been proved in rodents that a control over a number of infectious pathogens

(including viruses, bacterial, protozoan and mycotic infection) is directly dependent on
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iNOS with iNOS induced NO expression having a direct antimicrobial effect (Fang, 1997).
In this respect, increased expression of iNOS positive cells in nasal polyps compared to
healthy nasal mucosa then indicates an environmental impact (Fundova et al., 2008). Role
of infectious stimuli is considered important, especially by bacterial strains Streptococcus
pneumoniae, Staphylococcus aureus or Bacteroides fragilis (usual pathogens in sinusitis) or
Pseudomonas aeruginosa, often found in cystic fibrosis (Norlander et al., 1993). Recently,
there has been a discussions about the effect of superantigens, derived especially from
Staphylococcus aureus, on IgE secretion by B cells, as well as a direct effect of
superantigens on characteristic cells of the inflammatory infiltrate in NP, i.e eosinophils
(Bachert et al., 2008). The superantigens are involved in the modulation and aggravation of
the airway inflammation (Huvenne et al., 2013). In the end of 20" century a group of Mayo
researchers coined a terms “allergic fungal rhinosinusitis” (Ponikau et al., 1999) later
changed to “eosinophilic fungal rhinosinusitis” as they were able to detect fungi in 96% of
patients with CRS. Fungi have been suggested to play an important role in the pathogenesis
of CRS (Chakrabarti et al., 2009). However, after an absence of convincing immunological
data or evidence for clinical improvement of CRS upon therapy with antifungal agents the
hypothesis that fungi play a role in a majority of the cases of CRS was rejected (Fokkens et
al., 2012).

However, to these days no individual (nor a group of related) agents in NP were
identified, thus a question arises, if such a specific etiologic entity does exist. Many of the
environmental causative noxa were rejected in pathogenesis of NP and none of them was
proven as critically important. Although this is partly also due to a non-existence of a well-
established animal model for this disease. Thus, NP and CRS are at present considered
environmentally driven multifactorial diseases, developing in genetically predisposed
individuals. One of the less explored and recent topics in pathogenesis of NP is the role of
physiological nasal microbiom and its interplay with physiology of nasal mucosa in

subjects with nasal polyps (see next chapter).

1.2.7. Microbiom of the upper respiratory tract

The mucosal surfaces of the body of vertebrates are colonized by vast numbers of
microorganisms, commonly referred as microbiota. (Kamada et al., 2013). Bacteria are
present at anatomical locations that provide suitable conditions for their growth and
proliferation. The upper airways, particularly the nasopharynx, harbor bacteria, as do some

mucosal surfaces of the genital tract, although the greatest number of bacterial cells is
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found in the digestive tract. Commensal bacteria are indispensable for the normal function
of the mammalian organism. Most of the commensal bacteria are symbiotic; however, after
translocation through the mucosa or under specific conditions, such as immunodeficiency,
commensal bacteria could cause pathology (Tlaskalova-Hogenova et al., 2011). First, the
microbiota of the large intestine was widely studied, later the interest moved also to
different locations such as mucosal surfaces of the upper respiratory tract. In the project
called “Human Microbiome” that was established to investigate the flora in healthy
volunteers and their relationship to human health and disease, one of the emphasized body
sites was nose/lung site (Human microbiome project, 2012).

The upper respiratory tract is colonized with numerous bacteria, with 10 to 100
anaerobes for every aerobic bacterium. The most common aerobic bacteria are
Streptococcus, Haemophilus and Neisseria species. The most common anaerobic bacteria
are Peptostreptococcus, Veillonella, Actinomyces and Fusobacterium species. The nares
(nostrils) are always heavily colonized, predominantly with Staphylococcus epidermidis
and Corynebacteria. In about 20% of the general population the nose is colonized with
Staphylococcus aureus, thus nose being the main carrier site of this important pathogen
(Todar, 2014). There is also evidence showing that, in the respiratory system, composition
of airway microbiota varies between healthy people and people with diseases such as
asthma (Goldstein-Daruech et al., 2011; Huang and Lynch 2011; Huang, 2013) and cystic
fibrosis (Lynch and Bruce, 2013). The importance of intact commensal microbiota of the
respiratory system was also demonstrated in viral infections, with the commensal
microbiota composition critically regulating host immune response following influenza
virus infection (Ichinohe et al., 2011). There were speculations that reduced contact of
people with natural environmental features and biodiversity may adversely affect the
human commensal microbiota and its immunomodulatory capacity. Some studies have
shown a close relationship between CRS and Staphylococcus aureus, anaerobes and so on
in the nasal cavity or paranasal sinuses, although the relationship between CRS and
microorganisms in the gut has not been demonstrated (Suzaki et al., 2013). At present,
studies dealing with the pathophysiology of upper airway diseases are necessary to
establish the relationship between the microbiome and inflammatory patterns to find their
clinical reflections and also their possible causal relationships (Chalermwatanachai et al.,

2015).
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1.2.8. Chemokines and cytokines

For nasal polyps is, apart from of the increased infiltration of inflammatory cells, also
typical an elevated production of a range of inflammatory cytokines and chemokines that
could by regulation of migration, survival and activation of the cells of inflammatory
infiltrate substantially contribute to development and growth of NP and maintaining of the
chronic inflammation in nasal mucosa. The eosinophil infiltration into the nasal mucosa is
by a great deal modulated by GM-CSF from epithelial cells of nasal mucosa and secondly
epithelial cells from NP (Xaubet et al., 1994). Chemokines as RANTES and eotaxin, that
elevated in nasal polyps are also distinct chemoattractant of eosinophils (Nonaka et al.,
1999; Allen et al., 1998). Although the GM-CSF intself can’t directly influence adhesion
and degranulation of eosinophils and ROS production, in the presence of cofactors
(VCAM-1, ICAM-1) activation of eosinophils may be increased by GM-CSF (Shin et al.,
2003). In addition, TNF-a and IL-4/IL-13 could elevate expression of VCAM-1 (vascular
cell adhesion molecule-1) and thus facilitate migration of eosinophils in the tissue
(Pawakar, 2003). In nasal polyps patients outside China, CRSwNP is an eosinophilic
disease characterized by Th2 cytokines such as IL-5, eotaxin and IL-13 (Zhang et al.,
2008). The IL-5 has been shown to be a defining cytokine in CRSwNP. Thus, IL-5 that is
produced by activated T-lymphocytes and eosinophils fundamentally prolongs survival of
the eosinophils by inhibition of apoptosis (Bachert et al., 1997; Simon et al., 1997).
Cytokine IL-5 in nasal polyps is also highly correlated with other Th2 cytokines: eotaxin,
MCP-1, MCP-4, TARC, IL-4 and IL-13 (Hakanson et al., 2015). In addition, eotaxin could
also act locally within the nasal polyps and increase the tissue damage (Pawankar, 2003). It
has been documented that the influx of either neutrophils, monocytes, NK cells, dendritic
cells, mast cells, or T lymphocytes to the site of mucosal injury and into the inflammatory
infiltrate is regulated by chemokines released from respiratory epithelial cells in response to
pro-inflammatory cytokines (Brabcova et al., 2014). In addition, there is an elevated
expression of IL-8 that chemotacticly attracts neutrophils. Next, proinflammatory cytokines
such as IL-1p and TNF-a, that increase ICAM-1 expression on epithelial cells, could cause
migration of T cells and neutrophils in nasal polyps. Finally, an engagement of P- and L-
selectins in mediating binding of T cells in the mucosa of nasal polyposis has also been

documented (Symon et al., 1999).
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1.2.9. Mucosal immune system and epithelial cells

Mucosal immune system plays a principal role in the interaction of organism with an
environment. Mucosa is the main mucosal site for tolerance induction to soluble antigens
(Weiner, 1997). Interactions between segments 2 and B1 of integrins and their ligands
very probably play an important role in mucosal immune response of upper respiratory tract
(Demoly et al., 1998; McNulty et al., 1999). The mucosal barrier or immune exclusion is
maintained by production of great amount of secretory IgA (sIgA). (Mestecky and
McGhee, 1987). Commensals play an important role in induction and production of sIgA as
well as in its specificities (Fagarasan, 2006). Pertinent changes of sIgA spectrum specificity
(repertoire) in diseases affecting mucosal compartments have not yet been described.
Commensals colonizing mucosa are in symbiotic coexistence with the host and belong to
complex innate mechanisms protecting the organism against the pathogens. Bacterial
populations create complex ecosystems. If their composition is optimal, the commensals
prevent adhesion and reproduction of pathogens (Tlaskalova et al., 2002, 2004).
Commensals represent also an important factor influencing development of mucosal
immune mechanisms including non-responsiveness or “tolerance” of immune system to
foreign environmental antigens not causing danger to the organism (Tlaskalova et al., 2004;
Cebra, 1999).

A defect in epithelial cell homeostasis could represent and important factor in
etiopathogenesis of NP. Epithelial cells of nasal mucosa are permanently exposed to many
environmental factors, and comprise thus an important part of the mucosal immune system,
as they e.g. produce broad spectrum of cytokines and chemokines (Stadnyk, 1993), express
MHC class II glycoproteins (basolateral expression) as well as non-classical MHC class |
glycoproteins (CD1d, TLA), and could serve as antigen-presenting cells for intra-epithelial
lymphocytes (IEL) (Bleicher et al., 1990; Tlaskalova et al., 2004). IEL represent a unique
lymphoid cell population as they develop outside thymus and often express organ specific
8 T cell receptor and CD8 aa homodimer. IEL play an important role in maintaining
peripheral tolerance (Locke et al., 2006) as well as in regulation of growth of epithelial cells
by producing keratocyte growth factor (KGF), that together with other growth factors
(epidermal growth factor [EGF], transforming growth factor B [TGF-B], and insulin-like
growth factors [IGFs] ensures the integrity and homeostasis of mucosal epithelium
(Boismenu et al., 1996; Dignass, 2001). We have shown an increased number of insulin-

like growth factor receptor-1 (IGF-1R) expressing cells in nasal polyps compared with non-
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affected nasal mucosa (Fundova et al., 2008). IGF-1R prolongs a cellular life span and an
increased expression of IGF-1R could contribute to mucosal hypertrophy in NP. Increased

proliferation of epithelial cells was described in NP (Coste et al., 1996).

1.3. Type 1 diabates mellitus

1.3.1. Introduction

Insulin-dependent diabetes mellitus or type 1 diabetes (T1D) is an autoimmune disease, the
result of a leukocyte attack on the beta cells of the islets of Langerhans within the pancreas.
Mononuclear cells infiltrate the islets and cause insulitis leading to progressive and
selective destruction of beta cells (Wang al., 1996). Although this disease is an ancient one,
and one that is quite prevalent, its pathogenesis remains unclear. We do not know what
triggers it, have only a sketchy knowledge of the sequence of events unfolding during its
progression, and have very little understanding of the genetic and environmental factors
which influence its course.

Type 1. diabetes occurs during childhood and adolescence, although not
exclusively. Nevertheless, there is a worrying evidence for decreasing age of onset of T1D
(Karvonen et al., 1999; Onkamo et al., 1999). In addition, th incidence of type 1 diabetes
mellitus has been rapidly increasing during the past decades, preferentially in developed
countries (Onkamo et al., 1999; Laakso et al., 1991). In humans, the autoimmune process is
prolonged as clinical onset of the disease does not occur until approximately 80% or more
beta cells are destroyed, leaving a time window of opportunity for therapeutical or
preventive intervention in prediabetic individuals.

It has been documented that T cells play instrumental role in the
development of human TID, not only according to the mononuclear infiltrate present
within the islets of Langerhans with domination of CD8" T cells (Gepts, 1965; Itoh et al.,
1993), but also due to the effect of immunosuppressive therapy in T1D and a presence of
autoreactive T cell clones in human patients (Roep et al., 1999). Several autoantiboies were
characterized in T1D, first antibodies binding to beta cells - ICA (islet cell antigens
antibodies) (Bottazzo et al., 1974) and were also used for firs predictions of progression of
the disease (Bonifacio et al., 1990). Later these autoantibodies were better indentified as

anti-insulin (Palmer et al., 1983), anti-GAD65 (Baekkeskov et al., 1990), anti-tyrosin
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phosphatase IA-2 (Notkins et al., 1996), as well as other were described e.g. anti-
ganglioside GM2-1 (Dotta et al., 1992), and anti-sulphatide Abs (Buschard et al., 1993).
Although autoantibodies do not play a major role in pathogenesis of the disease, they are
used for assessing increased risk for the development of diabetes. Thus, detection of two or
more antibodies confers increased risk to progress to the onset of the disease (Bingley,
1996). Anti-insulin and to a lesser extend anti-IA-2 antibodies may have better predictive

value than anti-GAD65 Abs (Harrsion, 2001).

1.3.2. Animal models of type 1 diabetes

The non-obese diabetic (NOD) strain of mouse and Bio-breeding (BB) rats represent the
two widely used rodent models developing spontaneously T1D. The BB rats were
generated from a colony of Wistar rats, in which a few animals spontaneously developed
diabetes (Nakhooda et al., 1977). Diabetes in BB rats is a result of auoimmune insulitis and
apart of it BB rats also exhibit thyroiditis (Sternthal et al., 1981). They have earlier and
faster onset of the disease than NOD mice. In the last decades, however, the number of
studies carried out on BB rats declined, probably also due to practical obstacles — animal
facilities, antibodies etc. and this fact has unfortunately narrowed our view on T1D.

The NOD mouse is at present the best established model of autoimmune type 1
diabetes. It is inbred and the NOD mice develop a disease very similar, by most evaluable
criteria, to human T1D. In addition to diabetes, NOD mice present thyroiditis (Bernard et
al., 1992), sialitis (Hu et al., 1992), autoimmune peripheral polyneuropathy, a systemic
lupus erythematosus—like disease that develops if mice are exposed to killed
mycobacterium (Silveira and Baxter, 2001), prostatitis (in male mice) and late in life,
autoimmune hemolytic anemia (Baxter and Mandel, 1991). Interestingly, these various
autoimmune syndromes are not always found in every animal. Recent data from Bach and
colleagues (Alynakian et al., 2003) and others suggest that the various diseases may be
individually regulated, and they may have unique antigen specificities. Finally, the NOD
mouse strain is particularly susceptible to certain experimentally induced autoimmune
diseases such as experimental autoimmune encephalomyelitis (Girvin et al., 2000). Thus,
like some humans with T1D, the NOD mouse combines an overall genetic propensity for
multi-organ autoimmunity with specific targets not limited to organs of the endocrine

system. (Anderson and Bluestone, 2005).
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NOD mice were originally developed by Makino and colleagues in Japan during the
selection of a cataract-prone strain derived from the outbred Jcl:ICR line of mice (Makino
et al., 1980). The incidence of spontaneous diabetes in the NOD mouse is 60% to 80% in
females and 20% to 30% in males (Yoshida and Kikutani, 2000). Interestingly, the
incidence of disease depends on the sanitary conditions in which mice are housed. Mice
bred in a Specific Pathogen Free (SPF) environment are more prone to develop diabetes
than mice bred in a conventional animal facility. When contaminated by different bacteria,
viruses or parasites, SPF NOD mice do not develop T1D (Sadelain et al., 1990; Cooke at
al., 1999; Oldstone, 1990). A germ-free (GF) or axenic status established under stringent
conditions (i.e. mice born by caesarean section and housed in isolators) increases T1D
incidence (Yurkovetskiy et al., 2013; King and Sarvetnick, 2011; Alam et al., 2011), the
increase being more evident in GF males than females (Yurkovetskiy et al., 2013; Markle et
al., 2013). Also, a directed even partial ablation of the gut microbiota, as induced by
vancomycin, significantly increases type 1 diabetes incidence in male NOD mice (Candon
et al., 2015). Diabetes onset typically occurs at 12 to 14 weeks of age in female mice and
slightly later in male mice. Histological studies have shown that few immune cell infiltrates
are noted in islets until approximately 3 to 4 weeks of age, when both male and female
mice begin to demonstrate leukocytic aggregates and mononuclear infiltrates that surround
the islet (peri-insulitis). These lymphocytic infiltrates progress and invade the islets
(insulitis) over the subsequent few weeks, such that most mice demonstrate severe insulitis
by 10 weeks of age.

The dominant initial population consists of CD4" T cells followed by infiltration of
CDS8" T cells, macrophages and B cells in smaller numbers (Zhang et al., 2008). Diabetes
induction is possible with many of these clones in the absence of B cell help or other T cell
lines. NOD disease is primarily dependent on CD4" and CD8" T cells (Wicker et al., 1986;
Bendelac at al., 1987). Evidence for this includes the ability to transfer disease with purified
CD4" and CD8" T cells from NOD donors, the ability of individual T cell clones (both
class I and class II restricted) derived from NOD islets to passively transfer disease
(Haskins and Wegmann, 1996; Wong et al., 1996), and the fact that T cell modulating
therapies inhibit disease incidence (Shizuru et al, 1988; Chatenoud et al, 1994; Wang et al.,
1996; Kurasawa et al., 1993). Whereas diabetes can be transferred from affected animals by
passive transfer of splenocytes, it cannot be transferred by autoantibodies from new onset
diabetic donors, although B cells also participate in the development of the disease (Serreze

et al., 1998). The finding that the reduced incidence in male mice occurs in spite of similar
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levels of early insulitis suggests that late regulatory events control disease progression.
Thus, the autoimmune process in the pancreas of NOD mice includes two checkpoints:
checkpoint 1, or insulitis, which is completely penetrant; and checkpoint 2, or overt
diabetes, which is not completely penetrant (Andre et al., 1996). While it is accepted that
T1D in NOD is primarily T cell-mediated, NOD mice also develop autoantibodies to
insulin first detectable at 6 weeks of age and peaking between 8 and 16 weeks. These
antibodies themselves do not cause diabetes, but they contribute significantly to the rate of
disease progression (Greeley et al., 2002; Kagohashi et al., 2005; van Belle et al., 2009).
Other animal models include accelerated diabetes in NOD by cyclophosphamide via
its effect on Tregs (Yasunami and Bach, 1988). Cyclophosphamide selectively eliminates
Tregs and also causes rapid re-infiltration of islets with activated macrophages and influx of
CD4" T cells (Kay, 1991). Streptozotocin can induce diabetes at high dose by a toxic effect,
whereas low dose streptozocin induces autoimmune diabetes in many mouse strains but not
the NOD mouse (Kay et al., 1991). Last but not least, there is a adoptive transfer model of
diabetes, that allows to test regulatory capacity of various experimentally induced cell
subsets. It includes transfer of diabetogenic splenocytes from recently diabetic NOD donors
to NOD-irradiated or NOD-SCID recipients (Christianson et al., 1993). Regulatory or

inhibitory properties of various cell subsets could be tested in a co-transfer setting.

1.3.3. Genetic factors
Genetic factors contribute to the development of T1D, although their role has been for long
period of time overestimated (Bach, 1994). HLA genes represent the major predisposition
to the disease (Todd and Farrall, 1996). Increased risk is associated with Class I HLA DQ
and DR genes. While HLA-DQ alleles have a dominant effect, HLA-DR alleles display
modulating influences (She, 1996). The highest risk is linked to DQ2/DQ8 phenotype
which is found in more than 30% of T1D patients. Within MHC Calls I region a
polymorphism in TNF-a was suspected and later polymorphism in MIC (MHC class I
chain-related) gene was mapped in the proximity of the TNF-a gene (Gambelunghe et al.,
2000).

Other risk locus was localized on chromosome 11pl5, close to the insulin gene
(Bell et al., 1984) possibly influencing insulin expression in the thymus and thus central
tolerance mechanisms. In NOD mice, a region of IL-2 gene has been also identified,

possibly explaining lower IL-2 responses found in NOD mice (Lyons et al., 2000). All
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together more than 40 possible loci have been reported in type 1 diabetes, the HLA loci
having a large affect, but still only conferring predisposition to the disease development

(Morran et al., 2015).

1.3.4. Environmental factors

Environmental factors play an important role in the recent increase of type 1 diabetes
(T1D), especially in developed countries (Graves and Eisenbarth, 1999; Rewers and
Ludvigsson, 2016). There is a remarkable geographical difference (Diabetes Epidemiology
Group, 1988) in the prevalence of the disease. Thus, the highest incidence in Sardinia and
Finland reaches over 36 cases/100,000 per year, whereas in China incidence is a low of
0.1/100,000 per year as reported by the WHO DiaMond project. The geographical
variation cannot be explained solely on genetic differences as migrants adopt the incidence
of their host country (Patrick et al., 1989; Rewers et al., 1987).

The fact that more than 50% of identical twins are discordant for T1D also point to the
importance of environmental factors, in fact environmental factors are estimated to contribute
by more than 70% to the development of TID (Harrison and Honeyman, 1999).
Furthermore, during a relatively short period of a few decades the incidence substantially
increased, especially in the developed countries (Laakso et al., 1991). Thus genetic
susceptibility is necessary for the development of T1D, but the disease incidence is driven
by environmental factors or rather recent environmental changes. The exact environmental
factors and their mechanisms are not known but dietary factors (wheat proteins),
infections, lack of breastfeeding, early immune stimulation versus clean “hygienic”
environment, gut microbiom are being studied in this respect.

In the NOD mouse, under strict SPF conditions, diabetes occurs earlier and the
incidence is greater (Pozzilli et al., 1993). Perhaps stimulation of the intestinal immune
system is thought to modulate the development of autoimmunity in these genetically-
susceptible mice. Feeding of bacteria, such as Lactobacillus casei (Matsuzaki et al., 1997),
helminth infection (Cooke et al., 1999), mycobacterium infection (Martins and Aguas,
1999) all decrease spontaneous diabetes. Stress (handling at a young age reduces
incidence), has also been demonstrated to reduce diabetes incidence in NOD mice. In
accord with the hygienic hypothesis, until relatively recently humans were exposed to a
greater variety of infectious agents. Thus the current freedom from infection (due to the

vaccines, abuse of antibiotics and cleaner living environments) may cause clinical onset of
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T1D to occur in many more predisposed individuals then before. This hypothesis is
supported by fact that children attending kindergarten are at lower risk of developing T1D
(Rami et al., 1999). Treatment with antibiotics also reduces diabetes incidence in both NOD
mice and BB rats (Hansen et al., 2012; Buschard et al., 1992). Similarly, vancomycin,
significantly increased type 1 diabetes incidence in male NOD mice (Candon et al., 2015).
A protective role of gut SPF microflora is also supported by the finding that rederivation of
an NOD colony highly increases its diabetes incidence (Wilberz et al., 1991). In addition,
germ-free conditions increases diabetes incidence in both females and males and also lead
to rapid onset of the disease (Funda et al., 2007; Yurkovetskiy et al., 2013; King and
Sarvetnick, 2011; Alam et al., 2011). In addition, there could be interplay between diabetes
preventive diets and gut microflora. While diabetes preventive effect of some diets is
microflora-dependent, the effect of the gluten-free Altromin diet is microflora-independent
(Funda et al., 2007).

In both NOD mice and BB rats, type 1 diabetes is a diet-influenced disease. Role of
cow's milk proteins in T1D was intensively studied for certain period and was a rather
controversial topic (reviewed in Harrison and Honeyman, 1999). It has been suggested that
early introduction of cows’ milk to children or a lack of breast-feeding may trigger T1D
(Borch-Johnsen et al., 1984). However, a study in high-risk infants in Denver (Norris et al.,
1996) analyzed the duration of breastfeeding and the time of introduction of cow’s milk and
dairy products and found no association between infant feeding and the development of
islet autoimmunity. The development of spontaneous diabetes in either NOD mice or BB
rats is not dependent on exposure to cows' milk proteins (Paxson et al., 1997). Thus, this
evidence does not support a pathogenic role for cows’ milk. On the other hand it is difficult
to separate early exposure to bovine antigens from a lack of breast milk. Breast milk
contains a lot of growth factors and cytokines, many of which have a role in the maturation
of intestinal mucosal tissues (Xanthou et al., 1995). Thus, early withdrawal of breast milk
could impair mucosa-mediated tolerance to dietary antigens (including islet autoantigens
such as insulin), (Harrison and Honeyman, 1999).

Diabetes incidence in NOD mice and BB rats is strongly influenced by dietary
wheat proteins (Scott, 1996; Coleman et al., 1990). It is well documented that the diabetes-
promoting dietary components are not carbohydrates but come from the plant protein
fraction of semi-purified open formula animal diets (Hoorfar et al., 1991; Hoorfar et al.,
1993). In BB rats, Scott (Scott, 1996) has tested delayed introduction of a diabetogenic diet

(50 or 100 days) and showed that exposure to food at age 50 to 100 days (corresponding to
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the period of early puberty to late adolescence in humans) is critical for the dietary
modulation of diabetes development. Several studies documented that gluten-free diet
highly decreases diabetes incidence in NOD mice (Funda et al., 1999; Schmid et al., 2004).
The early introduction of a gluten-free diet to NOD mice decreased the incidence of
diabetes from 64% to 15% and significantly delayed the onset of diabetes (Funda et al.,
1999). Gluten, a major protein in wheat flour, when added to a semi-synthetic diet at
weaning, it increased the incidence of diabetes from 15% to 35% in BB rats (Elliott and
Martin, 1984). However, the effect of diets is even more complex. It has been shown that
the diabetes-preventive gluten-free diet tested in NOD mice modifies the composition of
gut microflora (Hansen et al., 2006). Diabetes incidence in NOD mice is also highly
influenced by intestinal microbiota (see above), nevertheless effect of some diabetes-
preventive diets is microflora-dependent, while effect of the gluten-free diet in NOD mice
is microflora independent (Funda et al., 2007). A human prospective trial with at risk first-
degree T1D relatives kept on gluten-free diet has been carried out, documenting a beneficial
effect on preservation of beta cell function (Pastore et al., 2003). There is also a case report of
a newly diagnosed type 1 diabetic on gluten-free diet without need of insulin therapy (Sildorf
et al., 2012).

The mechanism how diet modification influence diabetes incidence is not known. A
shift from a Th1 to Th2 cytokine pattern has been described in the islet infiltrate of BB rats fed
a hydrolyzed casein diet (Flohe et al., 2003). We have recently documented that dietary gluten
alters cytokine profile of T cells to more pro-inflammatory one and it is associated with
increased proportion of Thl7 cells but decreased proportion of mucosal yo T cells
(Antvorskov et al., 2012, 2013). Gluten displays lectin like properties (Kottgen et al., 1983)
and similarly to LPS directly stimulates innate immune responses through activation of NF-
kappaB (Jelinkova et al., 2004) as well as influences maturation of dendritic cells (Palova-
Jelinkova et al., 2005).

Direct infection of the pancreas may trigger autoimmune responses, however,
evidence of local viral infection is sparse due to the difficulty in isolating RNA from the
pancreas. On the other hand, enteric viruses localized to the intestine could indirectly
trigger autoimmune processes by affecting mucosal permeability or altering the balance of
mucosal immune system. Entroviruses such as coxsackie B4 (Andreoletti et al., 1998),
echovirus (Sadeharju et al., 2001) and also rotavirus (Honeyman et al., 2000) have been

implicated in T1D. Sequence similarities have been found between several enteroviral
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antigens and the immunodominant epitopes of autoantigens in T1D, including similarities
between coxsackie and GAD as well as rotavirus and GAD65 and TA-2 (Honeyman et al.,
1998; Atkinson et al., 1994). However, direct evidence for molecular mimicry as a
mechanism initiating B-cell autoimmunity is lacking. Nevertheless, there is a significant
correlation between rotavirus infections and induction of autoantibodies in at-risk hildren
of type 1 diabetes (Honeyman et al., 2000). On the other hand, there are several viruses
(e.g. mouse hepatitis virus, MHV), that lower diabetes incidence in NOD mice (Bach,

1994),

1.3.5. Type 1 diabetes and celiac disease

Celiac disease (CD) is an inflammatory T cell-mediated disorder of the small intestine and
develops because of ingested gluten fraction of wheat or the homologous proteins from
barley and rye, in genetically predisposed individuals. An increased number of
intraepithelial lymphocytes and lamina propria cells and their activation, followed by
villous atrophy and crypt hyperplasia, characterize CD. Both innate and adaptive immune
responses contribute to the onset of mucosal inflammation in CD patients (Stepniak and
Koning, 2006). Fragments of gliadin — a major group of proteins in gluten — cross the
epithelium, and are presented by antigen presenting cells to the HLA-DQ2 or HLA-DQS8-
restricted CD4+ o/f T lymphocytes present in jejunal mucosa (Sollid, 2002). The disease,
which can be treated effectively by a gluten-exclusion diet, is prevalent among Caucasians
(1 in 200 individuals), but only 20-50% of those individuals that are affected have
symptoms. Celiac disease is an acquired disorder; it can be diagnosed in early childhood
with classical symptoms, such as diarrhoea and malabsorption, but it can also be diagnosed
later in life, and there is a wider spectrum of symptoms in adults than in children. Poor diet
compliance and undiagnosed disease are associated with increased morbidity and mortality
(Fasano and Catassi, 2001; Sollid, 2002; Lundin et al., 2015).

There is a higher association or T1D and celiac reported in different countries by
several authors (reviewed in Cronin and Shanahan, 1997). The association was first accounted
to the genetics — as both disease share the DR3 and DQ2 risk alleles. However, there is also an
evidence for a functional role of gliadin in T1D. Thus in humans, patients diagnosed with
both CD and T1D usually develop diabetes first and not vice versa - an indirect suggestion for
an effect of gluten-free diet on the development of T1D (Cronin and Shanahan, 1997, Cosnes

et al., 2008). Second, regions with a low diabetes incidence such as in Asia (Japan, Korea) also
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have a much lower consumption of wheat flower proteins. ~ Possible ethiological role of
gliadin could be also implicated from the fact that patients with celiac disease have an
earlier onset of T1D (Hansen et al., 2006) and there is also one report of enhanced T
reactivity to gluten in newly diagnosed type 1 diabetics (Klemetti et al., 1998). Early
introduction of dietary gluten was reported to increase the risk of developing islet
autoantibodies in children (Norris et al., 2003). Gluten-free diet also induces changes in the
gut microbiota of NOD mice (Hansen et al., 2006) The etiological role of gliadin in T1D is
supported by a study documenting that while sensitization with gliadin induces only
moderate enteropathy in humanized NOD-DQS8 mice, when combined with partial antibody
depletion of Foxp3 Tregs, it led to development of insulitis (Galipeau et al., 2011). This is a
rare example of induction of insulitis, as most manipulations in animal models lead to T1D
prevention. Thus, although indirect, there is an evidence for a functional association of the

CD and T1D.
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2. SIGNIFICANCE, OUTLINE & AIMS OF THE THESIS

Mucosal immune system represents the major compartment of the immune system that is
also responsible for its interactions with the outside world. Mucosal surfaces serve as
barrier against but also as an interface to the outer environment. Mucosal surfaces are the
site of specific proportions of various immune responses including innate immune
responses, tolerance induction as well as specific migration and cell/antigen trafficking
within this compartment. Thus, mucosal immune system is instrumental as the first line of
defense against danger signals form the outer environment as well as for maintaining
immune homeostasis with non-danger events such as many inhaled agents, dietary
components and commensal microbes inhabiting mucosal surfaces (nose, oral cavity, gut
etc.). Mucosal immune system has been long understudied, perhaps also due to the limited
accessibility, however, it is now for many years established that local immune
mechanisms and tissue specific immune responses are important in pathogenesis of organ
specific diseases.

The respiratory tract is constantly exposed to number of inhaled antigens including
allergens, viral, fungal and bacterial components. As the upper part of respiratory tract is
the first place of contact, the load of inhaled antigens is higher than in the lower part.
However, as the asthma research is quite intense, much less attention has been given to the
inflammatory disease of the nose. The nasal polyps (NP) represent a chronic disorder of
nasal mucosa and nasal sinuses mucosa. Despite its high frequency and their complications,
there is no proper understanding of the etiology and to a great degree also pathogenesis of
the disease.

The frequency of autoimmune diseases is constantly rising in the population,
especially in the developed world. This is also the case for autoimmune type 1 diabetes. As
the genetic factors could not explain the substantial population increase of T1D in the last
decades, the research attention focuses more and more on environmental factors such

infections and diet, which could influence the incidence and penetrance of the disease.

In this thesis | studied the mucosal immune system in a local mucosal affection - in
nasal polyposis, but also in an organ specific autoimmune disease - type 1 diabetes, in
which mucosal delivery of not only autoantigens, but also environmental entities (dietary

components, probiotics) should be “re-searched” for their use in secondary prevention of
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the disease. Mucosal immune system in diseases — especially mucosal immune system of

the upper respiratory tract and of the gut is subject of this thesis.

This thesis consists of two parts that also reflect my involvement in both
experimental immunology research as well my clinical ENT practice. They are
interconnected not only by my interests but also by the common mucosal immune system

phenomenon, that e.g. allows for intranasal vaccination in type 1 diabetes prevention.

Thus, the first, more clinically focused, part deals with the role of mucosal immunity of the
upper respiratory tract in disease conditions - more specifically in nasal polyposis, a
recurrent, chronic inflammatory condition, which pathogenesis and etiology are not well

understood. We focused :

- on mechanism of the massive eosinophilic as well as neutrophilic infiltration in
pathogenesis of NP by studying pattern of expression of CCR1 and CCR3

chemokine receptors in nasal polyps versus nasal mucosa.

- on the possible role of epithelial cell homeostasis and innate immune mechanisms in
pathogenesis of NP by evaluating expression of insulin-like growth factor-1
receptor (IGF-1R) and iNOS in stroma and epithelium of NP compared to nasal

mucosa.

The second part of this thesis deals with the role of mucosal immunity and environmental
factors in autoimmune diseases - more specifically, in the spontaneous animal model (the
NOD mouse) of type 1 diabetes. We investigated effects of environmental factors such as
gluten-free diet and gliadin on the mucosal immune system and prevention of type 1
diabetes, and also addressed some innate mechanisms of gliadin signaling by:

- studying possible mechanisms by which gluten-free diet highly prevents type 1

diabetes in NOD mice; in particular its influence or regulatory T cells and Th17
cells in mucosal compared to systemic lymphoid compartments.
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- further investigating the diabetes-protective effect of gluten-free diet by assessing
the balance of pro-inflammatory and anti-inflammatory cytokines in T cells in the

mucosal versus systemic lymphoid compartments.

- mapping innate signaling pathways of pepsin-digest of gliadin (such as
TLR2/4/MyD88/TRIF/MAPK/NF-xB and a NLRP3 inflammasome activation), also

in relation to celiac disease.

- testing intranasal vaccination strategy with gliadin, an environmental agents, that
may have etiological role in typel diabetes, for both prevention or even early cure
of type 1 diabetes. Describing induction of Tregs and yd T cells and their cytokine

profiles in relation to this immunointervention strategy.

In addition, two reviews that cover the two parts described above are presented in this

thesis.
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3. RESULTS AND DISCUSSIONS

3.1. Clinically focused studies: mucosal immunity of the upper respiratory

tract in nasal polyposis and CRC.

3.1.1. Publication I.
Fundova P, Funda DP, Kovar D, Holy R, Navara M, Tlaskalova-Hogenova H. Increased

expression of chemokine receptors CCR1 and CCR3 in nasal polyps: molecular basis for
recruitment of the granulocyte infiltrate. Folia Microbiol (Praha), 2013, 58(3):219-24. IF
(2015)=1.335

Nasal polyposis (and chronic rhinosinusitis, CRS) is a recurrent and most likely
multifactorial chronic disease of the upper respiratory tract with still unclear etiology and
pathogenesis (Fokkens et al., 2005; Fokkens et al., 2012). This is perhaps also due to a non-
existence of a good animal model for this rather frequent nasal affection within ENT
practice. Nevertheless, the massive eosinophil, and to a lesser extend neutrophil infiltration
typical for most common type of nasal polyposis represent together with various
proinflammatory and allergy related cytokines and chemokines an important phenomenon
for experimental studies (Pawankar, 2003; Stoop et al., 1993). Using human bioptic
material several studies reported increased expression of cytokines and chemokines such as
e.g. TNF-a, IL-4, IL-5, IL-8, IL-13, RANTES, eotaxin as well as IL-1p, TNF-a, TGF-3
and others in NP and CRS (Bachert et al., 2002; Shin et al. 2003; Pawankar, 2003;
Bernstein et al., 2004). With respect to the high accumulation of eosinophils and
neutrophils in NP, chemokine receptors CCR1 and CCR3 represent molecular structures
involved in recruitment of this inflammatory infiltrate.

The aim of this study was to investigate the expression of chemokine receptors
CCRI and CCR3 in nasal polyps compared to nasal mucosa. Both computer image analysis
and fluorescence microscopy with calibrated eyepiece graticule were used to asses the
differences in expression. All samples were collected form patients with no sign of asthma
and allergies. We found increased number of cells expressing CCR1 and CCR3 in the
stroma of nasal polyposis. Next, we also examined the pattern of CCR1 and CCR3
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expression and documented increased positivity of CCR3 within the epithelial compartment
of NP.

In conclusion, our data document molecular basis for recruitment of the neutrophil
and eosinophil infiltrate in NP. Increased or dysbalanced production of chemokines and
cytokines may facilitate accumulation of immune cells expressing corresponding receptors
CCRI1 and CCR3. Because eosinophils and neutrophils form the predominant cellular
component in NP, we think they may also represent important targets for novel therapies.
Their active role in pathogenesis of NP should be further investigated as novel mechanisms
such us extracellular DNA traps were described with respect to these granulocytes
(Goldmann and Medinna, 2013). They bring new light on their pathological and possibly
also physiological roles (e.g. in sterile inflammation, prolonged immunoregulation) in the

mucosal immune responses of the nose.
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Abstract Inflammatory processes play an important role in
the development of nasal polyps (NP), but the etiology and, to
a high degree also, the pathogenesis of NP are not fully
understood. The role of several cytokines and chemokines
such as eotaxins, IL-4, IL-5, IL-6, IL-8, and RANTES has
been reported in NP. Herewith, we investigated the expression
and pattern of distribution of chemokine receptors CCR1 and
CCR3 in nasal polyps. Immunohistochemical detection was
carried out in frozen sections of biopsies from 22 NP and 18
nasal mucosa specimens in both the epithelial and stromal
compartments. Fluorescence microscopy and computerized
image analysis revealed a statistically significant increased
number of CCR1 (45.2+£2.8 vs. 15.1£1.9, p<0.001)-positive
as well as CCR3 (16.4+1.4 vs. 9.7+1.1, p<0.001)-positive
cells in the stroma of NP compared to nasal mucosa. In
comparison to healthy nasal mucosa, increased positivity of
CCR3 was detected in the epithelial compartment of NP. Our
data suggest that increased expression of CCR1 and CCR3
chemokine receptors may, in accord with various chemokines,
contribute to the pathogenesis of nasal polyposis by facilitat-
ing increased migration and prolonged accumulation of in-
flammatory cells, e.g., eosinophils, in the inflammatory
infiltrate of NP.
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ICAM-1  Intercellular adhesion molecule 1

IgG Immunoglobulin G

IL Interleukin

MCP-3 Monocyte chemoattractant protein 3

MCP-4 Monocyte chemoattractant protein 4

MEC Mucosae-associated epithelial chemokine

MIP-1 «  Macrophage inflammatory protein 1o

MIP-3 Macrophage inflammatory protein-3

NFk-B Nuclear factor-kappaB
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RANTES Regulated on activation, normal T expressed
and secreted protein

TBS Tris-buffered saline

TGF-f3 Transforming growth factor beta

TNF-x Tumor necrosis factor alpha

VCAM-1  Vascular cell adhesion molecule 1

Introduction

Nasal polyps (NP) represent a frequent and recurrent chronic
inflammatory disease of nasal and paranasal sinus mucosa.
Histologically, NP are characterized by edema and loose
connective tissue, hyperplasia within both stromal and epi-
thelial tissue compartments, metaplasia of the surface epi-
thelium, thickening of the basement membrane, and
reduction of mucous glands and goblet cells. Nasal polyps
are also characterized by a chronic inflammatory infiltrate
that comprises first of all of eosinophils and also neutrophils,
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mast cells, monocytes/macrophages, as well as T lympho-
cytes with increased proportion of activated and CD8" T
cells (reviewed in Pawankar 2003; Bachert et al. 2003;
Fokkens et al. 2005).

Chronic inflammatory processes play an important role in
development of NP, but both etiological factors as well as
exact pathogenetic mechanisms of NP are still unclear.

Increased expression of several proinflammatory chemo-
kines and cytokines such as eotaxin (CCL11), regulated on
activation normal T expressed and secreted protein; RANTES
(CCLYS), IL-1p3, 1L-4, IL-5, IL-8, TNF-« but also TGF-f3 and
granulocyte/macrophage colony-stimulating factor (GM-
CSF) were reported in nasal polyps (Pawankar 2003;
Bachert et al. 1997, 2002; Shin et al. 2003; Bernstein et al.
2004). The increased influx of eosinophils that form more
than 80 % of infiltrating cells (Stoop et al. 1993) is facilitated
by increased levels of eotaxin (CCL11), RANTES (Meyer et
al. 2005; Nonaka et al. 1999; Allen et al. 1998), IL-5 (Bachert
etal. 1997), and also GM-CSF (Xaubet et al. 1994). Similarly,
increased levels of IL-13, TNF-«, and IL-8 in NP may con-
tribute to the influx of neutrophils (Pawankar 2003). The
above-mentioned chemokines and cytokines can be produced
by a variety of cell types, e.g., fibroblasts, mast cells, and T
cells. Among them, epithelial cells represent a very potent
source of various chemokines and cytokines such as IL-8,
eotaxin, RANTES, TGF-3, GM-CSF, etc. (Stadnyk 2002;
Shin et al. 2003).

CCRI1 is a chemokine receptor, for which several ligands
such as CCLS5 (RANTES), CCL3 (macrophage inflammatory
protein 1o, MIP-1 o), CCL7 (monocyte chemoattractant pro-
tein 3, MCP-3), CCL23 (macrophage inflammatory protein-3,
MIP-3), and several other chemokine (C-C motif) ligands
(CCLs) have been identified (Neote et al. 1993; Gao et al.
1993; Murphy 2002; Berahovich et al. 2005). This chemokine
receptor is involved in the recruitment of inflammatory immune
cells—above all neutrophils, monocytes/macrophages, and
dendritic cells but also lymphocyte subsets (Murphy 2002).

C-C chemokine receptor 3 (CCR3), a key receptor for
eosinophil migration, is apart from eosinophils expressed
also on mast cells, basophils, and subset of T cells with Th2
cytokine profiles (Daugherty et al. 1996; Ponath et al. 1996;
Sallusto et al. 1997). CCR3 was documented to bind all
three eotaxins (CCL11, CCL24, and CCL26), RANTES
(CCL5), MIP-1«x (CCL3), MCP-4 (CCL13), and mucosae-
associated epithelial chemokine MEC (CCL28) (Murphy
2002; Laing and Secombes 2004). The interplay of many
various chemokines with the CCR1 and CCR3 receptors as
well as the fact that CCR3 was shown to participate in
eosinophil arrest and accumulation (Kitayama et al. 1998)
points to their role in nasal polyposis.

The present study was designed according to a hypothe-
sis that leukocytes may infiltrate and accumulate in nasal
mucosa by mechanisms dependent on expression of
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chemokine receptors and that increased expression of che-
mokine receptors not only by infiltrating cells but also
epithelial cells may play a role in the chronic pathogenesis
of nasal polyposis. Thus, in this study, we determined the
expression of CCR1 (CD191) and CCR3 (CD193) chemo-
kine receptors in biopsies of nasal polyps compared to
healthy nasal mucosa. By using immunohistochemical de-
tection on frozen tissue sections and quantitative microscop-
ic analyses, we determined the pattern of expression and
quantified the number of positive cells.

Materials and methods
Subjects and specimens

Tissue samples of nasal polyps were obtained from 22
subjects with bilateral nasal polyps undergoing polypec-
tomy for nasal obstruction. Control tissue samples of nasal
mucosa were obtained from the same 12 subjects as well as
from 6 subjects undergoing nasal surgery for the deviation
of nasal septum. All of the subjects were non-asthmatic
patients and did not receive any glucocorticoid treatment
during a period of at least 12 weeks prior the biopsy.
Informed consent for collecting biopsies for this study was
obtained from all the patients, and the study protocol was
approved by the Ethical Committee of the Central Military
Hospital, Prague, Czech Republic.

Biopsies of about 4x4x2 mm were collected from the
antero-inferior part of the inferior turbinate and from the
most anterior polyp. Xylocaine aerosol (10 %) was used as
local anesthetic. The biopsies were immediately embedded
in optimal cutting temperature compound (Tissue-Tek,
Miles Scientific, IN, USA), snap frozen in iso-pentane
(BHD Laboratory Supplies, UK), and stored at —80 °C.
Cryosections were cut serially at 5—7 um, dried overnight
at room temperature, fixed in acetone for 10 min, and used
for immunohistochemistry.

Immunohistochemical staining

Nonspecific binding was blocked with normal rabbit serum
(Vector Laboratories, Burlingame, CA, USA) diluted 1:100 in
TBS for 30 min at room temperature. Tissue sections were
then incubated in a moist chamber with primary rabbit anti-
human CCR1 and CCR3 antibodies (Abs) at room tempera-
ture for 60 min. Microscopic slides were then rinsed three
times for 5 min in TBS. Rabbit anti-human peptide-affinity
purified polyclonal antibodies to CCR1 and CCR3 were
obtained from Imgenex (San Diego, CA, USA). The incuba-
tion with secondary multiple absorbed Cy3-conjugated goat
anti-rabbit IgG F(ab’), (Jackson Immunoresearch Lab., West
Grove, PA, USA) was performed at room temperature in the
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dark for 30 min. Slides were then quickly counterstained with
hematoxylin and mounted in aqueous mounting medium
(Faramount; DAKO, Denmark). Tissue sections with omitted
primary antibodies served as negative controls.

Cell counting and computer image analysis

All tissue sections were coded and blindly examined using
fluorescence microscopy in both epithelial and lamina prop-
ria compartments. Positive cells were counted under the
Olympus AX70 Provis (Olympus, Tokyo, Japan) and Zeiss
Axiovert 200M (Carl Zeiss, Jena, Germany) fluorescence
microscopes at magnifications X200 and x400 using a cal-
ibrated eyepiece graticule as well as by computer image
analysis (analySIS®3.0, Soft Imaging System GmbH,
Germany). The magnification was matching that used with
the calibrated eyepiece graticule. The number of positive
cells has been counted in 40 randomly selected fields and in
20 pictures corresponding to the calibrated eyepiece grati-
cule fields.

Statistical analysis

Data are given as mean + standard error of mean (SEM), and
the level of significance was assessed by unpaired two-tailed
t test. Data were analyzed by GraphPad Prism software
(GraphPad Software, San Diego, CA, USA).

Results

Distribution of the C-C chemokine receptor 1 (CCR1) and 3
(CCR3) positivity was investigated by counting with a cal-
ibrated eyepiece graticule in both the stromal (lamina prop-
ria) and epithelial compartments of 22 nasal polyp biopsies
and of 18 nasal mucosa biopsies (Table 1). No differences in
the pattern of distribution of CCR1 and CCR3 expressions

Table 1 CCRI1 and CCR3 positivity in nasal polyps compared to
healthy nasal mucosa

Specimen Nasal polyps (n=22)  Nasal mucosa (n=18)
CCR1  Epithelium  nps® nps*

Stroma 452428 15.1£1.97
CCR3  Epithelium <20 % nps*

Stroma 16.4+1.4 9.7+1.1"

Proportion of positive staining within the epithelium (in percent; nps no
positive staining) and number of positive cells in the stroma (values are
given as means = SEM). Epithelial cell staining was assessed, and
positive cells were calculated as described in the “Materials and methods”

*p<0.001 indicating statistical significance within the same tissue
compartment

#No positive staining

as well as numbers of positive cells were found between
biopsies of healthy nasal mucosa from the inferior turbinate
obtained from subjects with nasal polyposis (n=12) and
subjects undergoing nasal surgery for the deviation of
nasal septum (n=6). Thus, data representing nasal mu-
cosa (as shown in Table 1) comprise biopsies of healthy
nasal mucosa from both subgroups.

Expression of CCR1 in healthy nasal mucosa was con-
fined to a small number of scattered, isolated CCR 1-positive
cells whereas remarkably increased number of CCRI1-
positive cells (45.2+2.8 vs. 15.1+1.9, p<0.001) was docu-
mented in the stroma of NP compared to nasal mucosa
(Table 1; Fig. la, b). The CCR1 expression in NP was
distributed within the entire lamina propria compartment
with some positive cells accumulated along the basal mem-
brane underneath the epithelial layer (Fig. 1a). Low levels of
CCR1 positivity were detected in endothelial cells of both
nasal mucosa and NP biopsies.

Detection of fluorescence positivity for the C-C chemo-
kine receptor CCR3 showed an increased expression by
epithelial cells of NP (Fig. 1c). Fluorescence microscopy
and computer image analysis revealed that approx. up to
20 % of epithelial cells of NP displayed positivity for CCR3
in all biopsies of NP, while no or very low epithelial expres-
sion of CCR3 was observed within the epithelium of nasal
mucosa biopsies (Fig. lc, d; Table 1). Similarly, nasal pol-
yps were characterized by statistically significant increase of
solitary, CCR3-positive cells in the stroma of NP (16.4+1.4
vs. 9.7+1.1, p<0.001) compared to healthy nasal mucosa
biopsies (Table 1; Fig. lc, d). There was no detectable
expression of CCR3 by endothelial cells of high endothelial
venules within the lamina propria compartment. In conclu-
sion, both increased CCR3 positivity of epithelial cells as
well as significantly increased numbers of CCR3-positive
stromal cells were found in NP compared to nasal mucosa.

Discussion

In this study, we describe the expression pattern of chemo-
kine receptors CCR1 and CCR3 in both lamina propria and
epithelial compartments of nasal polyps compared to phys-
iological nasal mucosa (Fig. 1). Increased expression of
CCR1 and CCR3 within the stroma of NP (Table 1, Fig.1)
corresponds with the well documenting immuno-
inflammatory infiltrate of NP (Pawankar 2003; Bachert et
al. 2003; Sanchez-Segura et al. 1998; Bernstein et al. 2004).
The accumulation of eosinophilic infiltrate as well as other
leukocytes (e.g., neutrophils) in airway mucosa is facilitated
by intercellular adhesion molecules (Symon et al. 1999)
such as ICAM-1, ICAM-2, and VCAM-1 that display in-
creased endothelial expression in nasal polyps (Tingsgaard
et al. 1998, 1999) as well as by locally increased levels of
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Fig. 1 Immunofluorescence
detection of CCR1 and CCR3
positivity in nasal polyps and
nasal mucosa.
Photomicrographs of frozen
sections of nasal polyps and
healthy nasal mucosa biopsies
stained for CCR1 (a and b,
respectively) and CCR3 (¢ and
d, respectively). Magnification,
x400

several chemokines and cytokines, e.g., IL-1f3, IL-5, IL-6,
IL-8, TNF-a, RANTES, and eotaxins (Pawankar 2003;
Bachert et al. 1997; Meyer et al. 2005).

Studies on CCR1—/— mice documented the importance of
the CCRI1 in local infiltration of neutrophils and macro-
phages (Furuichi et al. 2008). Our data showing increased
expression of CCR1 in NP are in accord with the recently
described increased expression of the CCR1 ligand, C-C
chemokine CCL23 in NP and chronic rhinosinusitis
(Poposki et al. 2011). It has been shown that CCL23 in
NP is produced by the eosinophilic infiltrate (Poposki et
al. 2011), thus representing a link between the CCR3
(eosinophils) and CCR1 expressions in NP. In addition, the
C-C chemokine CCL23 was reported not only to promote
chemotaxis via CCR1 but also angiogenesis and endothelial
cell migration (Hwang et al. 2005). These data thus corre-
spond with our observation of low-level endothelial expres-
sion of CCRI.

Several of the cytokines that are related to accumulation
of CCR1- and CCR3-positive cells are produced by epithe-
lial cells, e.g., RANTES, eotaxin, IL-13, IL-8, TNF-«,
TGF-3, and GM-CSF (Stadnyk 2002; Xaubet et al. 1994).
Mucosal surfaces and epithelial cells represent both a barrier
and interface for the outer environmental stimuli
(Tlaskalova-Hogenova et al. 1998). Epithelial cells express
many key innate surface receptors such as TLRs and CD14
(Lin et al. 2007; Wang et al. 2007a, b; Funda et al. 2001) and
are thus capable of recognition of various “danger” stimuli
from the outer environment leading to activation of NFk-B
and induction of proinflammatory cytokines as well as

@ Springer

chemokines such as IL-8. We have reported increased ex-
pression of iNOS and insulin-like growth factor-1 receptor
in NP (Fundova et al. 2008). Our hypothesis is that local
dysregulation of homeostasis of epithelial cells in response
to various environmental stimuli in genetically predisposed
individuals may represent an important pathogenic mecha-
nism in NP.

Apart from documenting an increased number of CCR3-
positive cells in the stroma, we also found increased expres-
sion of CCR3 within the epithelial layer of NP (Table 1,
Fig. 1). It seems that several chemokines and cytokines as
well as mechanisms may contribute to the increased expres-
sion of CCR3 in NP. GM-CSF produced by epithelial cells
(Shin et al. 2003; Roca-Ferrer et al. 1997) and IL-5 pro-
duced by activated T cells and eosinophils (Bachert et al.
1997) promote eosinophil activation and survival. Although
GM-CSF alone does not directly affect the adhesion and
degranulation of eosinophils, it can enhance eosinophil ac-
tivation in the presence of cofactors such as VCAM-1 and
ICAM-1 (Shin et al. 2003). Interesting observation about an
autocrine production of IL-5 (Bachert et al. 1997; Simon et
al. 1997) and RANTES by eosinophils may explain another
contributing mechanism towards chronic accumulation of
CCR3" eosinophils in the inflammatory infiltrate of NP
(Bachert et al. 2002). Eosinophils have been also reported
as classical antigen-presenting cells (Wang et al. 2007a, b),
an important feature that has not yet been addressed in
relation to pathogenesis of NP.

In conclusion, locally dysregulated production of chemo-
kines and cytokines may participate in pathogenesis of NP
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by facilitating increased migration, accumulation, as well as
activation of the immune cells expressing corresponding
receptors. In this study, we document an increased expres-
sion of chemokine receptors CCR1 and CCR3 within cellu-
lar infiltrate as well as increased expression of CCR3 within
the epithelium of nasal polyp biopsies that may contribute to
the chronic status and inflammatory pathogenesis of NP. A
blockage of effective expression of CCR1 or CCR3, or
alternatively, a local depletion of infiltrating CCRI1- or
CCR3-positive cells may be a promising therapeutical ap-
proach in controlling this chronic inflammatory process in
nasal mucosa.
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Several studies in pathogenesis of NP and CRS focused on the inflammatory infiltrate,
proinflammatory cytokines and chemokines and/or adaptive immune responses (Pawankar
and Nonaka, 2007; Bachert et al., 2003). Less attention has been given to the nasal
epithelium, an important part of the mucosal barrier and a contact surface with the outer
environment, as well as innate immune mechanisms.

In this study we examined expression of insulin-like growth factor-1 receptor (IGF-
1R) in nasal polyps and showed statistically significantly increased numbers of IGF-1R-
positive cells in both stroma and epithelium of NP compared to nasal mucosa. Multiple
factors such as EGF, KGF, TGF-B1 and also IGF-1 control homeostasis of epithelial cells
(Dignass, 2001; Little et al., 2007). We think the increased expression of the receptor for
insulin-like growth factor-1 in NP may be connected with prolonged survival or increased
proliferation of epithelial cells that both have been described in NP (Coste et al., 1996;
Mendelsohn et al., 2001). However, many more studies on the role of epithelium integrity
and repair mechanisms are needed to understand inflammatory processes of the nose (Yan
etal., 2013).

Epithelial cells were shown to display various immune function such as expression
of MHC Il molecules (Blend 1998), production of multiple cytokines and chemokines
(Stadnyk, 1994; Striz et al., 2014) as well as expression of their receptors (Krasna et al.,
2005). Epithelial cells also express innate immune receptors such as various TLRs and
CD14 (Cario and Podolsky, 2000; Funda et al., 2001). One of the innate immune
mechanisms that control various infections entities is production of nitric oxide by cytokine
inducible nitric-oxide synthase (Nathan and Shiloh, 2000). Thus, we investigated the
expression of inducible nitric-oxide synthase (iNOS) in biopsies of nasal polyps and nasal
mucosa and found substantially increased number of iNOS-positive cells in both stroma
and within epithelium of NP.

We think our results support recent opinion that both epithelial cells as well as

innate immune mechanisms - as the first line of defense against pathogens and
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environmental agents, may play important role in pathogenesis of NP (Kato, 2015;
Hamilos, 2014).
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ABSTRACT. Nasal polyps (NP), edematous projections of nasal mucosa (NM), are characterized by an
inflammatory cellular infiltrate, however, little is known about etiopathogenesis of NP. Both innate immune
mechanisms leading to activation of NF-kB and homeostasis of epithelial cells were implicated in the patho-
genesis of NP. In this study we investigated the expression of insulin-like growth factor-1 receptor (IGF-1R)
and inducible nitric-oxide synthase (iNOS) in NP compared to healthy NM in both the epithelial and stromal
compartments. Using immunohistochemistry, frozen tissue sections of NP from 18 patients, and mucosal bio-
psy specimens of the inferior turbinate from 17 subjects were stained for IGF-1R and iNOS markers. Fluo-
rescence microscopy and computerized image analysis revealed low numbers of IGF-1R-positive cells in all
specimens. However, substantially increased numbers of IGF-1R-positive cells were found in NP compared
to NM both within the epithelium (1.63 vs. 0.43) and stroma (3.27 vs. 1.03). Positivity for iNOS was detec-
ted within the epithelium of NP compared with NM. Numbers of iNOS-positive single cells were highly in-
creased in NP vs. NM in both epithelial (3.83 vs. 1.08) and stromal (4.96 vs. 2.67) compartments. An increa-
sed iINOS expression within the epithelial layer as well as increased number of iNOS- and IGF-1R-positive
cells in NP was observed. This suggests that innate immune mechanism, and to a lesser extent also growth
and homeostasis of epithelial cells, may play a role in formation of NP.

Abbreviations

CD cluster of differentiation NF-kB  nuclear factor kB NP nasal polyps

H&E hematoxylin & eosin NM nasal mucosa PBS phosphate-buffered saline
IGF-1R  insulin-like growth factor-1 receptor NOS nitric-oxide synthase TBS  Tris-buffered saline

IL interleukin iNOS inducible NOS

Nasal polyposis is a recurrent affletion of NM characterized by chronic inflammatory processes but
its etiology and pathogenesis remain unclear (Bachert ef al. 2003). Nasal polyps consist of loose connective tis-
sue, edema, some glands and capillaries and inflammatory cells infiltration comprising eosinophils, neutro-
phils, mast cells as well as lymphocytes with increased proportion of T cells (Jones et al. 1987; Fokkens et
al. 2007). In European population the prevalence of the NP ranges from 1.4 to 4.3% (Fokkens et al. 2007).

Nasal epithelium plays an important role in the mucosal barrier function, protecting NM from va-
rious environmental agents. Epithelial cells display various immune functions as they can produce many dif-
ferent cytokines (Stadnyk et al. 1994), express MHC II molecules and may act as antigen-presenting cells
(Bland 1988; Bleicher et al. 1990). Epithelial cells take also an important part in mucosal innate immune
mechanisms as they can express various innate immune receptors, such as CD14 and Toll-like receptors, and
represent a potential source of soluble sCD14 (Cario ef al. 2000; Funda et al. 2001). Multiple factors control
epithelial cell homeostasis including involvement of IEL lymphocytes (Boismenu ef al. 1994) together with
various growth factors, such as keratinocyte growth factor (KGF), epidermal growth factor (EGF), trans-
forming growth factor (TGF-f3;), and insulin-like growth factors (IGFs) (Dignass et al. 2001). While the
effect of TGF-B in nasal polyposis was studied by Little ef al. 2007, the role of IGF-1 and especially its
receptor (IGF-1R) has not yet been addressed.

Various toxic and infectious stimuli encountered at the level of NM may activate innate immune
mechanisms and lead to induction of pro-inflammatory cytokines. The production of nitric oxide from L-argi-
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nine by the cytokine-inducible (or type 2) iNOS is one of the key defense mechanisms of mammalian phago-
cytes (Nathan et al. 2000). Common mucosal system is constantly exposed to various environmental agents,
e.g., to allergens, and to viral and bacterial agents. In rodents, the control of many different infectious patho-
gens (including viruses, bacteria, protozoa, and fungi) is dependent on the expression of iNOS activity with
iNOS-induced nitric oxide exerting a direct antimicrobial effect (Fang et al. 1997).

We hypothesize that a defect in homeostasis of epithelial cells and/or innate immune mechanisms
and subsequent NF-kB activation followed by induction of pro-inflammatory factors may play an important
part in pathogenesis of nasal polyposis. Thus, we examined expression of IGF-1R and iNOS in NP compa-
red to healthy NM. Using immunohistochemistry and quantitative microscopic analyses we assessed both
the pattern of expression as well as quantified number of positive cells.

MATERIALS AND METHODS

Subjects and specimens. We compared 18 NP biopsies obtained from 18 patients with bilateral NP
and 14 NM biopsies from 14 of those patients. In addition, 3 NM biopsies from healthy volunteers were also
investigated. None of the patients received glucocorticoid treatment during the at least 1-year period prior to
the biopsy. Informed consent for taking the biopsies was obtained from all the patients. The study was
acknowledged by the Ethical Committee of the Central Military Hospital, Prague.

Biopsies of =4 x 3 x 2 mm were harvested from the antero—inferior part of the inferior turbinate
and from the most anterior polyp using 10 % xylocaine aerosol as local anesthetic. The biopsies were imme-
diately embedded in OCT compound (Tissue-Tek; Miles Scientific, USA), snap frozen in 2-methylbutane
(BHD Laboratory Supplies, UK) and stored at —80 °C. Cryosections were cut serially at 4-mm, dried over-
night at room temperature, fixed in acetone for 10 min and used for immunostaining.

Immunohistochemical staining. The primary incubation with mouse anti-human monoclonal anti-
bodies (Abs) was performed at room temperature for 1 h in the dark, then the slides were rinsed 3% for
5 min in TBS. The following primary mAbs were used: purified anti-IGF-IRa (Pharmingen, USA), biotin-
conjugated anti-iNOS (Tranduction Labs, USA). The secondary incubation was performed at room tempe-
rature in the dark with biotin-conjugated goat anti-mouse IgG F(ab"), mAb (Jackson IR Lab., USA). The
sections were then washed 3% for 5 min in TBS and incubated for 1 h in the dark with streptavidin-CY3 or
—FITC dilution 1 : 100 (Jackson IR Lab.). Sections were counterstained with hematoxylin and mounted in
aqueous mounting medium (Faramount; DAKO, Denmark). Incubation without primary antibodies served as
negative control.

Cell counting and computer image analysis. All tissue sections were coded and blindly examined in
both epithelial and lamina propria compartments. Positive cells were counted under the Olympus fluores-
cence microscope (AX70 Provis; Olympus, Japan) using a calibrated eyepiece graticule as well as by com-
puter image analysis (analySIS® 3.0; Soft Imaging System, Germany) using a MEGAII digital camera. The
magnification was matching that used with the calibrated eyepiece graticule. The number of positive cells
was counted in 20 randomly selected fields and in 20 pictures corresponding to the calibrated eyepiece
graticule fields in both lamina propria and epithelial compartments.

Statistical analysis. Data are given as mean +SEM, and the level of significance was assayed by
unpaired #-test and analysis of variance (ANOVA) followed by the Bonferroni test.

RESULTS

Expressions of IGF-1R and iNOS were evaluated in a total of 18 NP biopsies and 17 NM biopsies
(Table I). In both IGF-1R and iNOS staining, no differences in the number of positive cells as well as
patterns of expression were detected between biopsies of healthy NM from the inferior turbinate taken from
patients with NP (rn = 14) and NM from healthy volunteers (n = 3). Data for NM (n = 17) comprise healthy
NM from both groups.

Biopsy specimens were examined under fluorescence microscope and quantitative analysis of posi-
tive cells was performed by using calibrated eyepiece graticule as well computer image analysis. Only scat-
tered and low numbers of IGF-1R positive cells were found in all specimens and immunohistochemical
staining revealed no changes in the pattern of expression in IGF-1R in NM compared to NP. However, we
found consistently increased numbers of solitary IGF-1R positive cells within both the lamina propria (3.27
£0.08 vs. 1.03 £ 0.05, p < 10%) as well as the epithelial (1.63 £ 0.06 vs. 0.43 + 0.03, p < 10~%) compartments
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Table I. Number (means + SEM?) of IGF-1R-positive and iNOS-positive cells® in NP vs. NM

Specimen Nasal polyps Nasal mucosa

IGF-1R-NP vs. NM  epithelium 1.63 £ 0.06 0.43+0.03
stroma 3.27+0.08 1.03+£0.05

iNOS-NP vs. NM epithelium 3.83+0.13 1.08 £0.07
stroma 4.96+0.13 2.67+0.09

ap < 10’3; from NM within the same tissue compartment.
bCalculated as described in Materials and Methods.

.
.

Fig. 1. Immunofluorescence detection of IGF-1R-positive cells in NP (A) compared to healthy NM (B); C, D: immunofluorescence positivity for iNOS within a biopsy

of NP and NM, respectively (magnification all X256).
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of NP vs. NM (Table I, Fig. 1). The IGF-R1 positivity was detected on single, isolated cells within the epi-
thelium and lamina propria compartments.

Fluorescence microscopy revealed iNOS positivity in epithelial cells of NP compared to NM
(Fig. 1). Single stained cells were detected within the epithelial compartment and these were counted in the
quantitative assessment of the iNOS expression (Fig. 1B). Thus, apart from increased iNOS positivity of epi-
thelial cells in NP, substantially increased numbers of iNOS-positive single cells were found in NP vs. NM
in both epithelial (3.83 £ 0.13 vs. 1.08 = 0.07, p < 104) and stromal (4.96 + 0.13 vs. 2.67 = 0.09, p < 10~%)
compartments (Fig. 1B-D).

DISCUSSION

We established a significantly increased number of IGF-1R and iNOS positive cells in both lamina
propria and epithelial compartments of NP compared to physiological NM (Table I). Increased epithelial
positivity for iNOS was detected in NP biopsies (Fig. 1). This is in accordance with several papers docu-
menting immuno-inflammatory infiltrate in NP. The massive influx of eosinophils as well as other leuko-
cytes is facilitated by increased endothelial expression of ICAM-1 in NP (Tingsgaard ef al. 1998). Furthermore,
expression of ICAM-1 is regulated by NF-kB (Mannin et al. 1995). The cellular infiltrate of NP comprises
of T cells, antigen-presenting cells and to a much lesser extend also B cells (Ihan ef al. 1997). Within the
inflammatory infiltrate increased number of CD45RO™ memory T cells as well as HLA-DR™* cells (including
expression on epithelium) were documented in NP (Linder ez al. 1993). P- and to lesser extend also L-selec-
tins were shown to mediate adhesion and homing of peripheral blood lymphocytes in NP (Symon et al. 1999).
Increased levels of cytokines IL-6, IL-8, and the chemokine RANTES were reported in both atopic and non-
atopic NP (Teran ef al. 1997; Allen et al. 1997). However, the triggering events that lead to this chronic
inflammatory disease of NM are not known.

Our hypothesis is that one possible mechanism in the formation of NP is a defect in the homeostasis
of epithelial cells in response to various environmental stimuli. These could include various toxic or infec-
tious environmental entities and/or chronic changes in commensal microflora at the level of nasal mucosa
(Tlaskalova-Hogenova et al. 2004). IGF-1R is promoting prolonged cell survival and was also implicated in
tumorigenesis (Mendelsohn ez al. 2001). Furthermore, increased proliferation of epithelial cells has been well
documented in NP (Coste ef al. 1996). The increased expression of IGF-1R, on single epithelial cells and as
well as within the cellular infiltrate of NP, reported here, represents a molecular basis for a hypertrophy of
NM in NP. It remains to be determined, to which extent a disruption of epithelial cell homeostasis is a pri-
mary factor predisposing to the nasal polyposis or an outcome of various chemokines, cytokines and growth
factors produced by the infiltrating inflammatory cells.

Epithelial cells on mucosal surfaces are in the first line of defense and/or recognition of various
environmental stimuli that may lead to activation of innate immune mechanisms and NF-kB-dependent
induction of pro-inflammatory cytokines, chemokines and iNOS. We found increased positivity for iNOS in
the epithelium of NP compared to NM, which confirms the findings of Watkins et al. (1998), who have docu-
mented increased epithelial iINOS mRNA expression in NP and verified these findings on protein level by
immunohistochemistry on paraffin-embedded tissue blocks. On the other hand (and in contrast with the
above-mentioned paper), we have also found high iNOS expression (Table I, Fig. 1) on the subset of scat-
tered cells within stroma and to a lesser extent within epithelium of NP, probably infiltrating inflammatory
cells. This is a new finding as regards iNOS expression in NP. The difference between these two immuno-
histochemical detections is probably due to the fact that the original study was done on paraffin-embedded
tissue with antigen retrieval, as well as due to a limited number of NP specimens (Watkins ef al. 1998). Our
result together with the data of Kang ez al. (2004) are in striking contrast with the rather surprising data of
Ramis ez al. (2000), who reported no difference in iNOS expression as well as NF-kB activity in NP compa-
red to healthy NM.

Our data document and confirm an increased iNOS expression within the epithelial layer of NP and
newly report an increased number of iNOS and IGF-1R-positive cells in NP. This suggests that innate
immune mechanism, e.g. signaling through Toll-like receptors and induction of NF-kB, regulate inflamma-
tory factors including iNOS and, to a lesser extent, also a defect in homeostasis of epithelial cells, i.e. pro-
longed cell survival, may play a role in pathogenesis and formation of NP.

This study was supported by the grant IGA MZ NR/8517-3 of the Grant Agency of the Ministry of Health of the Czech
Republic.
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3.1.3. Publication I11.

Fundova P, Navara M, Tlaskalova-Hogenova H., Pathogenetic mechanisms in nasal
polyposis (in Czech), Alergie, 2009; 1: 68-71. Review. IF (2015) = none

This review covers the topic of the first, more clinically focused part of my thesis
and is intended as an overview on history and pathogenesis of nasal polyposis for Czech
ENT (and other) clinicians dealing with NP in their routine outpatient clinics. It consists of
chapters covering basic characteristics and history of the disease, that has been already
noted and reported in the ancient Egypt almost 4500 years ago (Pahor and Farid, 2003), but
until now its pathogenesis and causative treatment remain unsolved. Next chapters covers
the data on prevalence of NP, also in relation to asthma, the contribution of genetic factors
and possible environmental factors that were considered but not confirmed in etiology of
NP. The next three paragraphs then deal with possible immune mechanisms involved in
pathogenesis of NP - role of mucosal immunity and epithelial cells, innate immune
mechanisms, and chemokines and cytokines. One recent topic not covered by this review is
the relation of nasal microbiom to development of NP and CRS. While role of microbiota
is studied in many other diseases for relatively long period, only very few attempts have
been made to study the nose microbiom in relation to local pathogenic processes (Choi et
al., 2014; Chalermwatanachai et al., 2015).
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prehledné ¢lanky —

Patogenetické mechanismy
u nosni polypozy

Pathogenetic mechanisms in nasal polyposis
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SOUHRN

Nosni polypy (NP) jsou Castym a historicky velmi dlouho zndamym onemocnénim nosni sliznice, jehoz etiologie je neznama a pouze v posledni
dobé jsou komplexnéji identifikovany mozné patogenetické mechanismy. Tento piehledny ¢lanek zmiriuje faktory prostredi a genetické pre-
dispozice u NP a zamétuje se na shrnuti dosavadnich dulezitych poznatkl ve vztahu k patogenezi NP (tohoto onemocnéni), piedevsim pak
na ulohu slizni¢ni imunity, mechanismy pfirozené imunity, homeoastazu slizni¢niho epitelu a roli ristovych faktori, cytokini a chemokint
v rozvoji tohoto chronického, recidivujiciho, zanétlivého onemocnéni nosni mukoéuzy.

Klic¢ova slova:

SUMMARY

Nasal polyps (NP) are a common and historically long known disease of nasal mucosa with unknown etiology. Recently, the complexity of
possible pathogenetic mechanisms started to be identified. This article discusses environmental factors and genetical predisposition in NP and
reviews the current knowledge in relation to pathogenesis of NP. It focuses particularly on the role of mucosal immune system, the innate immu-
ne mechanisms, epithelial homeostasis and the role of growth factors, cytokines and chemokines in the development of this chronic recurrent
inflammatory disease of the nasal mucosa.

Key words: nasal polyps, pathogenesis, mucosal imunity, epithelial cells, innate imunity, eosinophils, cytokines, chemokines, inflammation

Uvod

nervovymi strukturami a dlazdicovou metaplazii povr-
chového epitelu (Taylor, 1963). Stroma zralych nosnich

Nosni polypdza je chronické a recidivujici zanétlivé
onemocnéni sliznice nosu a vedlej$ich nosnich dutin,
projevujici se nenadorovymi edematoéznimi zdufenimi
zanicené sliznice prolabujicimi do nosu. Mlze se jed-
nat o jeden solitdrni polyp az po mnohocetné polypy
vypliujici vedlejsi dutiny nosni, i celou nosni dutinu,
v extrémnich ptipadech i prolabujici vptedu z nosnich
pruduchti. Toto vede k nosni obstrukci, nosni sekreci,
bolestem hlavy, dysosmii, pfipadné i anosmii a celkové
k snizené kvalité zivota (Wabnitz et al., 2005). Nosni
polypy jsou charakterizovany volnou pojivovou tkani,
edémem, snizenym mnozstvim zlazek a cév, zddnymi

polypt sestavd krom¢ edému z podpurnych fibrobastt
a infiltrujich bunék, z nichz asi 80 % ptedstavuji akti-
vavané eosinofily (Stoop, 1993), dale neutrofily, zirné
buiiky a lymfocyty se zvySenym podilem T-lymfocytt
(Jones et al., 1987; Fokkens et al., 2007). Eosinofily jsou
lokalizovany podél cév, zlaz a pod bazalni membranou
epitelu (Kakoi, 1987).

Historie

Prvni zminka o nosnich polypech je doloZena v 1ékat-
skych spisech ze star¢ho Egypta kolem r. 2475 pft. n. L
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(Pahor et al., 2003), dal$i nasleduji z byzantského obdobi
(324-1453 n. 1.). Origindlni fecky psané texty ze ¢tvrtého
stoleti podrobné rozebiraji definici, pfiznaky a konzerva-
tivni 1écbu zahrnujici lokalni aplikaci latek v olejovém
zékladu ¢i instilaci kaustickych latek (Lascaratos et al.,
2000).

Prevalence

Prevalence nosnich polypl se pohybuje v rozmezi
0,5-4,5 % a lisi se v jednotlivych geografickych oblas-
tech a velmi pravdépodobné, téZ v zavislosti na genetické
predispozici u riznych ras a populaci. Vyskyt onemoc-
néni stoupa s vékem a je €astéj$i u muzi (2,2:1) (Johans-
son et al., 2003), s vyjimkou Samterovy triady, kde jsou
Castgji postizeny zeny (2,3:1), (Szczeklik et al., 2000).
Podle celonarodniho priizkumu v Koreji byla prevalence
nosnich polyptl, diagnostikovanych pfedni nosni endo-
skopii 0,5% v celkové populaci (Min et al., 1996). Svéd-
ska populacni studie diagnostikujici nosni polypy pomoci
predni endoskopie, udava prevalenci onemocnéni 2,7 %
v celkové populaci, s vyssim vyskytem u muzi a u ast-
matikli (Johansson et al., 2003). Finska studie zalozena
na dotazniku udava prevalenci 4,3 % u dospé¢lé populace
(Hedman et al., 1999). Retrospektivni studie hodnotici
data 6000 pacientli z nemocnic, alergologickych klinik
a ambulanci v USA udavala prevalenci 4,2% v popula-
ci, a 6,7% u astmatikli (Settipane et al., 1977). Vyskyt
polypii u déti je vyjimecny, s vyjimkou asociaci s cystic-
kou fibrozou (Crockett et al., 1987).

Genetické faktory
a asociace s jinymi onemocnénimi

Familiarni zat€Z u NP je Castd. Ve francouzské multi-
centrické studii udavalo 58,7% pacientt, ze maji jednoho,
nebo vice ptfimych ptibuznych (rodice, déti, sourozenci)
postizenych NP, 43,6% pacientti mélo jednoho, nebo vice
pfimych ptibuznych trpicich astmatem (Crampette et al.,
2001). Podobng¢ jako u autoimunitnich onemocnéni byla
u NP popséana asociace s ur¢itymi HLA alelami. Napfi-
klad mad’arska studie srovnavajici 50 pacientti s NP s 50
zdravymi jedinci ukazovala 2—3x vyssi pravdépodob-
nost vyvinu nosni polypozy u jedincti nesoucich HLA-
DR7-DQA1*0201 a—DQB1*0202 (Molnar-Gabor et al.,
2000), zatimco mexicka studie na vzorku 31 pacienti
s NP viici 151 zdravym jedinciim udavala 5,53krat vyssi
riziko vyvoje nemoci u jedincli nesoucich alelu HLA-
DR7-DQA1*0201 a—DQB1*0201 (Fajardo-Dolci et al.,
2006). Podle ¢inské studie srovnavajici HLA alely u 31
pacientd s NP vii¢i 81 zdravym jedinclim pfedstavujici
HLA-DR16, HLA-DQS8, a HLA-DQ9 pro své nositele
zvySené riziko onemocnéni, kdezto determinanta HLA-
DQ7 muze naopak byt spojena s vyssi odolnosti vici
nemoci (Zhai et al., 2007). Krom¢ HLA asociaci a zvy-
Sené rodinné zatéZe se vSak nepodatilo identifikovat
jiné vyrazné genetické faktory a napt. genova terapie se
tak jevi jako velmi nepravdépodobna budouci kauzalni
terapie nosnich polypti. Celkové lze uzaviit, ze faktory

prostfedi maji rozhodujici vliv na rozvoj onemocnéni
u geneticky predisponovanych jedinct.

Z populacnich studii vyplyva, ze NP se vyskytuje
s vyssi prevalenci u pacientil s bronchialnim astmatem
(Hedman et al., 1999; Settipane et al., 1977). Ve studi-
ich, zahrnujicich velké skupiny pacientli s NP, bylo ast-
ma nalezeno ve 30-60% (Slavin, 1982; Larsen, 1996).
Nespecificka bronchidlni hyperreaktivita (BHR) a/nebo
astma se vyskytuji Castéji u pacientl s nosnimi polypy
nez v ostatni populaci (Slavin, 1982). Alergii jako moz-
nou pfic¢inu nosnich polypti uvedl Younge ve své ptivodni
praci publikované v BMJ v roce 1907 (Younge, 1907).
Od té doby byla opakovan¢ citovana, nicmén¢ pozd¢jsi
publikované prace tuto znacné rozsifenou teorii nepotvr-
zuji (Mygind, 2000).

Aspirinova intolerance, asociovand s bronchialnim
astmatem a nosnimi polypy, je rozeznavéna jako klinic-
ka jednotka, oznaCovana aspirinova, neboli Samterova,
nebo také Widalova tridda (Samter M et al., 1967, 1968),
a vyskytuje se s prevalenci 10-20 % v astmatické popu-
laci (Hedman et al., 1999; Samter et al., 1968, Kasper
et al., 2003). U Zen, které pirevazovaly muze v poméru
2,3:1, se vyskyt symptomi objevil signifikantné diive
(Szczeklik et al., 2000). Cysticka fibroza je nejcastéjsi
letalni autosomalné recesivni onemocnéni bélosské popu-
lace (Henriksson, 2002). V ORL oblasti se manifestuje
chronickou sinusitidou a nosnimi polypy. Prevalence nos-
nich polypt u pacienti s cystickou fibrézou se odhaduje
mezi 7-56 % s vyssi prevalenci pfi pouZiti nosni endo-
skopie pfti vysetieni (Cepero et al., 1987; Taylor et al.,
1974; Brihaye et al., 1994; Jones et al., 1993). Pro vyse
uvedené ptipady jsou typické rekurentni nosni polypy,
vyzadujici dlouhotrvajici, nebo i trvalou kortikoidni tera-
pii (Cepero et al., 1987; Szczeklik et al., 2000). Ackoliv
se nosni polypy Casto sdruzuji s jinymi onemocnénimi,
je nepravdépodobné, Ze jsou kauzalnim projevem téchto
onemocnéni.

Faktory vnéjsiho prostredi

Jako mozné vyvolavajici agens nosnich polypt byly
uvadény faktory prostiedi jako alergeny potravinového
charakteru, polutanty, inhalanty a chronicka infekce viro-
va, bakterialni ¢i mykoticka. U hlodavct bylo prokazéano,
ze kontrola mnoha rtiznych infekcnich patogent (véetné
vird, bakterii, protozodrnich infekci a mykdz) je v pfimé
zévislosti na expresi iNOS s iNOS indukovanym NO,
majicim piimy antimikrobidlni efekt (Fang, 1997). Zvy-
Sena exprese iNOS pozitivnich bunék v nosnich polypech
ve srovnani s nosni sliznici tedy poukazuje na vliv vnéj-
$iho prostiedi (Fundova, 2008). Role infek¢énich podnéti
je povazovana za vyznamnou, zejména kmeny Strepto-
coccus pneumoniae, Staphylococcus aureus nebo Bac-
teroides fragilis (obvyklych patogent u sinusitidy) nebo
Pseudomonas aeruginosa, Casto nachazeném pfi cystické
fibroze (Norlander, 1993). V soucasnosti je velmi disku-
tovan podil superantigent, odvozenych zejména ze Sta-
phylococcus aureus, na sekreci IgE B buitkami, stejné
jako pfimy vliv superantigenil na charakteristické bunky
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zanétlivého infiltratu NP, jako jsou eosinofily (Bachert,
2008). Nicméng¢, doposud nebylo identifikovano zadné
jednotlivé (ani skupina ptibuznych) agens u NP a je otaz-
ka, zda viibec specifické etiologické agens existuje, ¢i zda
rizné noxy vn¢jSiho prostiedi mohou vést k rozvoji NP
u geneticky predisponovanych jedinct.

Role slizni¢niho imunitniho systému
(a epitelovych bunék)

Slizni¢ni imunitni systém hraje zasadni roli v interak-
ci organismu s vn¢jSim prostfedim. Sliznice je hlavnim
indukénim mistem pro navozeni tolerance k rozpustnym
antigentim (Weiner, 1997). Interakce mezi adhezivnimi
molekulami podskupin 32- a 37 integrinti a jejich liganda
pravdépodobné hraje dulezitou roli v slizni¢ni imunit-
ni odpovédi horniho dychaciho traktu (Demoly, 1998,
McNulty, 1999). Slizni¢ni bariéra nebo imunitni exkluze
je udrzovana produkci velkého mnozstvi sekre¢niho IgA
(sIgA), (Mestecky, 1987). Komenzalni mikroflora hraje
dileZzitou roli v indukci produkce sekrecniho IgA a jeho
specifit (Fagarasan, 2006). Piipadné zmény spektra spe-
cifit sIgA u onemocnéni, ktera postihuji sliznice, nejsou
doposud dobie znamy. Komenzalni mikroflora, ktera
kolonizuje sliznice, je v symbiotické koexistenci s mak-
roorganismem a patii mezi komplexni pfirozené mecha-
nismy zajist'ujici imunitu organismu proti patogennim
mikroorganismiim. Bakteridlni populace tvoii komplexni
ekosystémy. Pokud je jejich slozeni optimalni, mikrofléra
zabratiuje adhezi a mnozeni patogennich mikroorganis-
mu (Tlaskalova, 2002, 2004). V jinych kompartmentech
slizni¢niho imunitniho systému mé komenzalni mikrof-
lora vyznamnou tlohu v indukci slizni¢nich humoralnich
1 bunécnych imunitnich odpovédi a je téZ vyznamnym
faktorem ovliviiujicim vyvoj regulacnich slizni¢nich
imunitnich mechanismt, véetné neopovidavosti ,,toleran-
ce* imunitniho systému na cizorodé antigeny prostiedi,
které nezplisobuji ohrozeni organismu (Tlaskalova, 2004;
Cebra, 1999). Na rozdil od stievniho traktu, komenzal-
ni mikroflora nosni sliznice nebyla doposud adekvatné
studovéna.

Dilezitym faktorem v patogenezi NP by mohla byt
porucha homeostazy epitelovych bun¢k. Epitelové bun-
ky, které jsou na nosni sliznici kontinualn¢ exponovany
mnoha faktory vnéjsiho prostiedi, tvori dilezitou soucast
slizni¢niho imunitniho systému nebot’ produkuji Siroké
spektrum cytokintl a chemokint (Stadnyk, 1994), expri-
muji MHC glykoproteiny II. tfidy (basolateralni expre-
se) stejn¢ jako 1 neklasické MHC glykoproteiny I. tfidy
(CD1d, TLA), a mohou slouzit jako antigen-prezentu;ji-
ci buiiky pro intraepitelové lymfocyty (IEL) (Bleicher,
1990; Tlaskalova, 2004). IEL ptedstavuji unikatni popu-
laci lymfoidnich bunék, nebot” se vyvijeji mimo thymus
a Casto exprimuji tkanove specificky gama/delta T-bunéc-
ny receptor a CD8aa homodimer. IEL hraji vyznamnou
roli v udrzovani periferni tolerance (Locke, 2006) a také
v regulaci rGstu epitelidlnich bungk, a to produkei ris-
tového faktoru keratinocytl (keratinocyte growth factor
[KGF]), ktery spolecné s dalsimi ristovymi faktory (epi-

dermal growth factor [EGF], transforming growth factor
B [TGF-B], a insulin-like growth factors [IGFs]) zajistu-
je integritu a homeostazu slizni¢niho epitelu (Boisme-
nu, 1996; Dignass, 2001). V nasi studii jsme prokazali
zvyseny pocet bunck exprimujicich receptor pro insu-
lin-like growth factor 1 (IGF-1R) v nosnich polypech ve
srovnani s nepostizenou nosni sliznici (Fundova, 2008).
IGF-1 prodluzuje Zivotni cyklus buriky a zvySend exprese
by mohla pfispivat k hypertrofii sliznice u NP. U nosni
polypdzy byla téZ popsana zvySena proliferace epitelo-
vych bun¢k (Coste, 1996).

Mechanismy pfirozené imunity

Prvni linie obrany proti patogeniim a/nebo vnéj$im
Skodlivindm je zprostfedkovéana rychlymi neadaptivni-
mi imunitnimi odpovéd’'mi. Epitelové bunky jsou kro-
mé funkce mechanické bariéry a ti€asti mechanismech
slizni¢ni imunity (prezentace antigenu, transport sIgA)
také dilezitym prvkem pfirozené imunity, protoZe mohou
exprimovat receptory pfirozené imunity jako napft. ko-
receptor pro lipopolysacharide CD14 a Toll-like recepto-
ry (TLR) (Cario a Funda, 2001) a podilet se tak na indukci
mediatori zdnétu.

TLR jsou kliové receptory prirozené imunity a repre-
zentuji diilezitou spojnici mezi ptirozenou a specifickou
imunitou (Akira, 2001). Rozeznavaji rizné cizorodé,
zejména fylogeneticky konzervované slozky mikroorga-
nismu ,,microbe associated molecular patterns* (MAMP)
a pravdépodobné také vlastni ,,nebezpeci signalizujici®
antigeny (Tlaskalova, 2004). Signalizace pfes TLR vede
k aktivaci nukledrniho faktoru kappaB a néasledne induk-
ci prozénétlivych cytokini, chemokint, indukovatelné
NO syntetazy (iNOS — inducible nitric oxide synthase)
a zvySené expresi nékterych adhezivnich a kostimulac-
nich receptortl na povrchu antigen prezentujicich bun¢k
(APC) (Akira, 2001; Shibole, 2007). Oxid dusnaty (NO)
je antimikrobidlni faktor vznikajici ptisobenim NO syn-
tetdz a jeden z duilezitych nastrojii rychlé obranné reakce
organismu. Sledovali jsme expresi iINOS v biopsiich NP
a zjistili jsme, Ze je ve srovnani s nepostizenou nosni
sliznici zvySena (Fundova, 2008).

Na tkanovych kulturach epitelovych nosnich
bunék izolovanych z nosnich polypt, byla prokazana
zvySena exprese TLR3 (Wang, 2007). TLR signaly v Zir-
nych butikach zvySuji uvoliovani Th2 cytokint, predvsim
pak IL-5 (Iwamura, 2008; Pawankar, 2005). Ackoliv tyto
odpovédi hraji dilezitou ochrannou funkci proti infekei,
mohou téz stat na pocatku dysregulace slizni¢nich imu-
nitnich odpovédi na antigeny vnéjsiho prostredi u gene-
ticky predisponovanych jedinct. Pfi srovnavani vzorki
15 nosnich polypii a 15 vzorkii nepostizené nosni sliznice
jsme pozorovali zvysenou expresi TLR3, TLR4 a TLRS
u NP a nenasli zadné rozdily v expresi TLR1, 2, a TLR6
(Fundova et al., nepublikované vysledky). Zmény expre-
se jednotlivych TLR u nosni polypdzy ukazuji na podil
faktoru prostfedi a selektivni exprese pouze urcitych TLR
by mohla pomoci identifikovat mozné/a etiologické/a
agens.
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Cytokiny a chemokiny

Pro nosni polypy je, kromé zvysené infiltrace zanétli-
vymi bunikami, typicka také zvySena produkce fady pro-
zanétlivych cytokind a chemokinti, které mohou regulaci
migrace, prezivani a aktivace bun€k zanétlivého infiltratu
vyrazné prispivat k rozvoji NP a udrzovani chronického
zanétu nosni sliznice. Na infiltraci eosinofily se vyznamné
podili GM-CSF produkovany epitelidlnimi buiikami nos-
ni sliznice a nosnich polypil (Xaubet, 1994). Chemokiny
jako RANTES a eotaxin, zvySené v nosnich polypech,
jsou také vyraznymi chemoatraktanty eosinofilti (Nona-
ka, 1999; Allen, 1998). Ackoli samotny GM-CSF nemuze
pfimo ovlivnit adhezi a degranulaci eosinofild a produk-
ci superoxidového radikalu, v pfitomnosti kofaktorti
(VCAM-1, ICAM-1) miize GM-CSF aktivaci eosinofild
zvySovat (Shin, 2003). Kuptikladu TNF-a a IL-4/IL-13
mohou zvySovat expresi VCAM-1 (vascular cell adhesion
molecule-1) a tim usnadiiovat migraci eosinofild do tkané
(Pawankar, 2003). Cytokin IL-5, produkovany aktivova-
nymi T-lymfocyty a eosiofily zadsadné prodluzuje ptezi-
vani eosinofill inhibici apoptdzy (Bachert, 1997; Simon,
1997). Navic eotaxin muze plsobit v nosnich polypech
lokaln€ a zvySovat poskozeni tkané (Pawankar, 2003).
V nosnich polypech je rovnéz zvysena exprese IL-8, ktery
pusobi chemotakticky na neutrofily. Navic, prozanétlivé
cytokiny jako IL-1B a TNF-a, zvysujici expresi [ICAM-1
v endotelovych buiikdch, mohou navodit migraci T-bunck
a neutrofili do nosnich polypt. Bylo také prokazano
zapojeni P- a L-selektinli ve zprostiedkovani vazby T-
bunék na sliznici u nosni polypdy (Symon, 1999).

Zavér

Nosni polypy jsou velmi ¢astym onemocnénim nosni
sliznice, nicméné etiologické faktory a rozhodujici patoge-
netické mechanismy nejsou zatim identifikovany. Acko-
liv byla u NP popsana asociace s urcitymi HLA alelami,
nejedna se o vyrazné geneticky podminéné onemocnéni
s jasnym typem dédicnosti a faktory vnéjSiho prostiedi
hraji pravdépodobné rozhodujici ulohu. K dispozici neni
z4dny dobfe etablovany zvifeci model nosni polypdzy,
a tudiz je velmi obtizné urcit, co je pri¢ina a co nasledek
v etiopatogenezi NP. Nedostatek takovychto znalosti ¢ini
kauzalni [é¢bu a sekundarni prevenci tohoto onemocnéni
dosud nedostupnou.

Imunitni funkce epitelovych bun¢k jako napft. produk-
ce chemokinti a cytokintl, prezentace antigentl, transport
slgA, a poruchy homeostazy epitelové bariéry (prolife-
race a reparace epitelu nosni sliznice) nebyly doposud
podrobné studovany u NP. Role infek¢nich podnétl
je povazovana za vyznamnou. Zvysena exprese iNOS
a urcitych TLR toto tvrzeni podporuje. Superantigeny,
odvozené zejména ze Staphylococcus aureus, mohou
vyrazné ovliviiovat produkci IgE, a eosinofily. Pfitom-
nost aktivovanych eosinofili v tkédni je zakladni cha-
rakteristikou NP a je vysledkem komplexniho sledu
udalosti, které reguluji jejich influx z ob&hu, stejné jako
jejich pohyb, aktivaci a ptezivani v tkdni. Chemokiny
a cytokiny, produkované predevsim epitelovymi buiikami

a imunitnimi bunikami zanétlivého infiltratu NP, se prav-
dépodobné vyrazné podileji v patogenezi, nicmén¢ neni
jasné, nakolik jsou pfi¢inou vzniku NP, a pokud ano, které
signaliza¢ni kaskady hraji rozhodujici tilohu.

Poruchy homeostazy a reparacnich procesii epite-
lu nosni sliznice, podil mechanismu pfirozené imunity
v reakci na chronickou stimulaci riznymi agens vnéjsiho
prostiedi, a dysregulace cytokinovych a chemokinovych
signaliza¢nich siti pfedstavuji v soucasnosti hlavni oblas-
ti vyzkumu v patogenezi NP.

Tato prace byla podporena grantovym projektem
NR8517/3 IGA MZ CR.
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3.1. Experimentally focused studies: mucosal immunity and

environmental factors in autoimmune type 1 diabetes mellitus.

3.2.1. Publication IV.

Antvorskov JC, Fundova P, Buschard K, Funda DP. Impact of dietary gluten on regulatory
T cells and Th17 cells in BALB/c mice. PLoS One, 2012;7(3):e33315. IF (2015) = 3.057

Environmental factors play a major role in the relatively recent increase of type 1 diabetes
(T1D) in developed countries (Bach, 1994; Graves and Eisenbarth, 1999). The remarkable
geographical difference (Diabetes Epidemiology Group, 1988) in the prevalence of the
disease and the fact that more than 50% of identical twins are discordant for T1D also point to
the importance of environmental factors. Furthermore, during a relatively short period of a
few decades the incidence substantially increased, especially in the developed countries
(Laakso et al., 1991).

Several studies in both NOD mice as well as BB rats have documented that diets
influence diabetes incidence (Scot, 1996; Coleman et al., 1990). It is well documented that
the diabetes-promoting agents are not carbohydrates but come from the plant protein
fraction of natural diets (Hoorfar et al., 1991; Hoorfar et al., 1993). It has been shown that
gluten-free diet highly decreases diabetes incidence in NOD mice (Funda et al., 1999;
Schmid et al., 2004). Gliadin, the component of wheat gluten that triggers celiac diseases in
susceptible individuals, was shown to activate innate immune mechanisms and also
increase intestinal permeability (Drago et al., 2006; Jelinkova et al., 2004). Thus, gliadin
has been also considered in pathogenesis of type 1 diabetes (Visser et al., 2009, Funda et
al., 2008).

In this study we compared the effect of standard, gluten-containing diet and the
diabetes preventive, gluten-free diet on various regulatory T cell subsets and Th17 cells in
immunocompetent BALB/c mice. The diet was fed to the experimental animals prenatally
and cell subsets were assessed by flowcytometry in mucosal (MLN, PLN, PP) compared to
non-mucosal (spleen, ILN) lymphoid organs. The standard, gluten-containing diet led to
general decrease of yo T cells in all lymphoid compartments studied. In type 1 diabetes,
mucosal yo T cells were interestingly shown as regulatory or critical in oral tolerance
induction (Harrison et al., 1996; Locke et al., 2006). The standard, gluten-containing diet
also influenced proportion of CD4"CD45RBlow" and CD4"CD45RBhigh™ T cells. Fewer
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CD4" T cells expressed CD62L in PP and increased proportion of CD103" mucosa-homing
T cells was noted in spleen and PLN. There was no effect dietary effect on CD4"Foxp3”
Tregs. Finally, significantly increased proportion of Th17 cells was detected in PLN of

mice fed the standard diet.
In conclusion, we showed that the diabetes-permissive, standard diet versus gluten-

free, diabetes-protective diets influence various T cell subsets e.g. yo T cells and Th17 cells,

preferentially in mucosal compartments.
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Abstract

Dietary gluten influences the development of type 1 diabetes (T1D) and a gluten-free (GF) diet has a protective effect on the
development of T1D. Gluten may influence T1D due to its direct effect on intestinal immunity; however, these mechanisms
have not been adequately studied. We studied the effect of a GF diet compared to a gluten-containing standard (STD) diet
on selected T cell subsets, associated with regulatory functions as well as proinflammatory Th17 cells, in BALB/c mice.
Furthermore, we assessed diet-induced changes in the expression of various T cell markers, and determined if changes were
confined to intestinal or non-intestinal lymphoid compartments. The gluten-containing STD diet led to a significantly
decreased proportion of y4 T cells in all lymphoid compartments studied, although an increase was detected in some y6 T
cell subsets (CD8", CD103"). Further, it decreased the proportion of CD4*CD62L" T cells in Peyer's patches. Interestingly, no
diet-induced changes were found among CD4 Foxp3™ T cells or CD3"CD49b*cells (NKT cells) and CD3~CD49b™ (NK) cells.
Mice fed the STD diet showed increased proportions of CD4*CD45RB™9"" and CD103* T cells and a lower proportion of
CD4*CD45RB'™"* T cells in both mucosal and non-mucosal compartments. The Th17 cell population, associated with the
development of autoimmunity, was substantially increased in pancreatic lymph nodes of mice fed the STD diet. Collectively,
our data indicate that dietary gluten influences multiple regulatory T cell subsets as well as Th17 cells in mucosal lymphoid

e33315. doi:10.1371/journal.pone.0033315
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tissue while fewer differences were observed in non-mucosal lymphoid compartments.
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Introduction

Several studies in non-obese diabetic (NOD) mice as well as
Biobreeding (BB) rats have documented that the pathogenesis of
type 1 diabetes (T'1D) is influenced by diet [1]. It has been
demonstrated that a gluten-free (GF) diet largely prevented
diabetes onset in NOD mice: the diabetes incidence was reduced
from 64% to 15% [2], and a cereal-based diet promotes diabetes
development [3]. Furthermore, two large human prospective
cohort studies have established a connection between early infant
diet containing gluten and the development of autoantibodies
against the pancreatic islets. Both studies found an increased risk
(=4) of islet autoimmunity when children were exposed to gluten-
containing cereals early in life [4,5]. Moreover, studies have
documented an association between T1D and celiac disease (CD),
which is a disease with several autoimmune features in which
gluten is the triggering agent in genetic predisposed individuals
[6]. It has been proposed that undiagnosed CD increases the risk
of developing secondary autoimmune disorders including T1D
[7]. The prevalence of CD in children with T1D has been
reported to be 2-12%, and patients with CD have an earlier onset
of diabetes compared to T1D patients without CD [8,9]. Thus,
dietary gluten seems to be an etiological or disease-influencing
factor in T1D.
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Changes in intestinal permeability have been described both in
spontancous animal models of T1D [10] and in human disease
[11,12]. Changes in permeability might be a direct effect of the
gliadin fraction of gluten-containing cereals, because gliadin
increases zonulin release, which opens intestinal tight junctions
[13,14]. There is also evidence for a primary role of the intestinal
immune system in the pathogenesis of T1D. Diabetogenic T cells
are initially primed in the gut [15], islet-infiltrating T cells express
gut-associated homing receptors [16] and mesenteric lymphocytes
transfer diabetes from NOD-mice to NOD/scid-mice [17].

The role of the intestinal immune system in the pathogenesis of
T1D is important, because the gut is the physiological induction
site of protective immunity and is a barrier to the outer
environment. Proper development of mucosal immune responses
1s required for induction of tolerance vs. inflammation, controlled
by various subsets of T cells and dendritic cells (DC). In both
human and mice, several different T cell subsets with regulatory
properties (Tregs) have been showed to play a role in maintaining
a tolerant state and prevent autoimmune reactions [18].

In the present study we compared the effect of a diabetes-
protective GF diet to a diabetes-permissive gluten-containing STD
diet, on proportions of selected T cell subsets associated with
regulatory functions (y8 T cells, NKT cells and Foxp3* T cells), as
well as NK cells and proinflammatory Thl7 cells, in fully

March 2012 | Volume 7 | Issue 3 | e33315



immunocompetent BALB/c¢ mice. Furthermore, we studied diet-
induced changes in the expression of different T cell markers
(CD103, CD45RB"="!1*Y and CD62L) and determined if these
changes were located within mucosal lymphoid tissues (Peyer’s
patches (PP), mesenteric (MLN), pancreatic (PLN) lymph nodes) or
the non-mucosal lymphoid compartments (spleen (S), inguinal
(ILN) lymph nodes).

Materials and Methods

Animals

Timed pregnant BALB/cA BomTac mice were purchased from
Taconic Europe A/S, Ejby, Denmark and kept in a Specific
Pathogen Free (SPF) animal facility at the Panum Institute,
Copenhagen (temperature 22*2 degrees, 12 h light cycle, air
changed 16 times pr hour, humidity 55*10%) with free access to
water and food. At day seven after birth, female pups and the
female parent were assigned randomly into two groups, to receive
either the STD, gluten-containing or the gluten-free (GF) diet.
Twelve (six in each group) first generation female offspring were
used in the study when 6 weeks old. The experiments were
performed in two independent times. The animal experiments
were carried out with approval from The National Animal
Experimentation Board, and experiments were performed in
accordance with international guidelines for the care and use of
laboratory animals.

Diets

The animals received either the STD, non-purified Altromin
1310 diet, or a GF, modified Altromin diet (Altromin, Lage,
Germany). Both experimental diets were nutritionally adequate
with a similar level of protein, amino acids, minerals, vitamins and
trace element, only the protein source differed between the diets.
These two diets have been previously used at The Bartholin
Institute, to study the effect of a GI diet on diabetes incidence in
NOD mice [2,19]. The exact composition of the STD and the GF
diet 1s given in [2,19]. The protein content of the GF diet and the
STD were similar (22.7% vs. 22.9%). Proteins in the STD diet
were derived from wheat (25%), maize, and soya, whereas the GF
diet protein source was meat and soya proteins. The two diets also
had the same content of amino acids, minerals, vitamins and trace
elements. The weight of the mice was monitored and both groups
of animals displayed similar weight distribution.

Antibodies

The following monoclonal antibodies (mAb) were purchased
from BD Pharmingen: FITC-conjugated rat anti-mouse CD45RB
mAb (16A; IgG2a, x); FITC-conjugated rat anti-mouse CD49b
mAb (DX5;IgM; «); PE-conjugated rat anti-mouse CD25 mAb
(3C7; IgG2b), PE-conjugated rat anti-mouse CD62L mAb (MEL-
14; IgG2a, «); PE-conjugated rat anti-mouse CD4 mAb (H129.19;
IgG2a, ), PerCP 5.5-conjugated hamster anti-mouse CD3 mAb
(145-2C11; IgGl, %), FITC-conjugated rat anti-mouse CD103
mAb (M290;IgG2a, x), PE-conjugated hamster anti-mouse yd T-
cell receptor mAb (GL3; IgG2, ), PerCP-Cy5.5 rat anti-mouse
CD8a mAb (53-6.7; IgG2a, ). Purchased from eBioscience were:
PE-conjugated rat anti-mouse Foxp3 mAb (FJK-16s; IgG2a, ),
FITC-conjugated rat anti-mouse CD4 mAb (RM4-5; IgG2a, ),
Alexa Flour 488-conjugated rat anti-mouse IL-17A mAb
(eBiol7B7; IgG2a, x).

Cell purification and flow cytometry
Mice were sacrificed and S, ILN, MLN, PP, PLLN were isolated.
Cells from each organ were pooled and single-cell suspensions
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were prepared. Surface staining was initiated with use of the
relevant mAb, and cells were incubated for 1/2 hour. Intracellular
staining was carried out using the Mouse Regulatory T Cell
Staining Kit (eBiocience FJK-16s, Cat.No. 88-8111) following the
manufacturer procedure. Fc block (CD16/CD32) was purchased
from BD Pharmingen (2.4G2; IgG2b, «) and added to reduce Fc
receptor-mediated binding. The cells were analysed by flow
cytometry using a FACSscan (BD Bioscience), and data were
analysed with use of CellQuest software (BD Bioscience). Isotype
control antibodies were used to determine the amount of non-
specific binding, and propidium iodide was used to exclude or to
localize dead cells.

Statistical analysis

Student’s unpaired ¢-test was used to compare the frequency of
the cells (means = SEM) of the two groups (STD vs. GF) of mice,
and a value of P<0.05 was considered statistically significant.
Statistical analysis and graphic presentation of the results were
performed using the Sigma Plot 9.0 Software and GraphPad Prism

version 5.

Results

No diet-induced difference was found in the proportion
of CD4"Foxp3™* T cells

Cell suspensions were prepared from isolated mucosal (MLN,
PP, PLN) and non-mucosal (S, ILN) lymphoid organs and stained
for CD3, CD4 and Foxp3 markers, and percentages of
CD4'Foxp3™ T cells was assessed within each of the studied
lymphoid tissues (gating shown in Fig. 1A). No significant
difference in the proportion of CD4 Foxp3* T cells was found
in the mucosal lymphoid tissues: PLN (11.6%=0.11 vs.
11.5+0.06%, P=0.27), MLN (15.1%1.99 vs. 11.9%1.14%,
P=0.29) and PP (14.5%+0.10 vs. 14.2+0.19%, P=0.36) in the
BALB/c mice fed the STD compared to the GF diet. Similarly, no
significant difference in percentages of CD4 " Foxp3* T cells was
found in S (18.9%0.60 vs. 17.1+0.52%, P=0.14) and ILN
(11.5%0.34 vs. 11.9%£0.55%, P=10.59) between the two groups of
animals (Fig. 1B). These results were confirmed by a
CD3'CD4'CD25" staining and analysis for CD4*CD25"s" T
cells (data not shown). Thus, we found no diet-induced differences
in the proportion of CD4*Foxp3" T cells, neither in mucosal
lymphoid organs (MLN, PP, PLN) nor in non-mucosal lymphoid
compartments (S, ILN).

The STD diet induced a significant increase in CD47IL-17*
(Th17) cells in PLN

Th17 cells, a population of CD4" T helper cells that secretes a
set of proinflammatory cytokines including I1.-17, is considered a
distinct cell lineage that seems to antagonize Treg development
and thus promote autoimmunity [20-22]. To determine gluten-
induced changes in the Th17 cell subset, we first gated according
to the forward and side scatter parameters, followed by CD3
gating and percentages of CD4'TL-17" cells were measured (Fig. 2
B/Q). Significantly (P<0.05) higher proportion of CD4* IL-17" T
cells was found only in PLN of BALB/c mice on the STD diet
(1.4£0.05%) compared to mice fed the GF diet
(0.7£0.14%)(Fig. 2A). The proportion of CD4™IL-17" T cells in
all other organs (S, ILN, MLN, PP) showed no diet-induced
differences. Thus, the gluten-containing STD diet induced
significantly increased proportion of Th17 cells in lymph nodes
assoclated with pancreatic tissue (Fig. 2A/C).
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Figure 1. No diet-induced difference was found in the proportion of CD4'Foxp3* T cells. (A) Representative plot of lymphocyte and
CD3*CD4* gate. (B) Bars represent the proportion of Foxp3* cells (gated on 100% CD4"CD3* cells) in various lymphoid compartments. No diet-
induced differences was found in the proportion of CD4*Foxp3* T cells in all lymphoid compartments tested. Data are presented as mean values *
SEM of two independent experiments with 6 mice in each group. (C) Representative histogram from PLN, showing the proportion of CD4Foxp3*T
cells in the STD diet mice compared to the GF diet mice. Spleen (S); inguinal lymph nodes (ILN); mesenteric lymph nodes (MLN); Peyer’s patches (PP)

and pancreatic lymph nodes (PLN). Black bars: STD diet. Grey bars: GF diet.

doi:10.1371/journal.pone.0033315.9001

The STD diet reduced the proportion of yd T cells
Changes in the 8 T cell subset have been documented in NOD
mice [23] as well as in human T1D [24—26], In addition Y6 T cells
have been shown to play an important role in induction of mucosal
tolerance and prevention of T1D in the NOD mouse [27,28]. We
found a significantly lower proportion of Y8 T cells in all tested
lymphoid tissues in BALB/c mice fed the STD diet compared to
mice receiving the GF diet, S (1.3%20.06 vs. 2.0£0.17%, P<0.05),
ILN (1.0£0.01 vs. 1.3%0.03%, P<0.01), MLN (1.6%0.05 wvs.
2.0%£0.05%, P<<0.05), PP (1.4%0.02 vs. 1.9%0.03%, P<<0.01) and
in PLN (1.0£0.005 vs. 1.820.03%, P<0.001) (Fig. 3A). Thus, the
gluten-containing STD diet reduces the overall proportion of Y6 T
cells in both mucosal lymphoid organs (MLN, PP, PLN) and in
non-mucosal lymphoid compartments (S, ILN). Next, we analysed
the expression of CD8 and the mucosal homing marker CD103
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within the 8 T cell subset (Fig. 3B) and observed reciprocal
differences: in mice fed the STD diet there is an overall increase in
v6 T cells expressing CD103, with significantly higher proportion
in MLN (34.1+0.66 vs. 11.5%£1.12%, P<0.01) and in PLN
(34.7£1.05 vs. 15.6£1.36%, P<<0.01) compared to mice receiving
the GF diet (Fig. 3C). The same pattern was found when
evaluating the co-expression of CD8* and CD103" on v8 T cells:
the proportion of CD8"CD103* ¥8 T cells in MLN (16.3%2.36 vs.
5.7x1.11%, P<0.05) and PLN (18.8%0.34 vs. 7.7%0.38%,
P<0.01) was higher in mice receiving the STD diet compared
to the GF diet (Fig. 3D). Finally, the expression of CD8 within yd
T cells was higher in PLN (37.0%£3.18 vs. 18.3%20.06%, P<<0.05)
in mice on the STD diet vs. the GF diet (Fig. 3E). Consequently, a
reversed pattern was observed in the remaining subset of

CD8 CD103™ y8 T cells. Thus MLN (55.5%£0.98 vs.
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doi:10.1371/journal.pone.0033315.9g002

74.5%0.44%, P<<0.01) and PLN (47.1%1.1.79 vs. 73.7£1.04%,
P<0.01) of STD diet fed BALB/c mice revealed a significantly
decreased proportion of CD8 CD103™ vd T cells (Fig. 3F). In
summary, there is a lower proportion of Y8 T cells both in non-
mucosal (S, ILN) and mucosal lymphoid organs (MLN, PP, PLN)
but a higher proportion of CD8"y8 T cells where the majority
express the mucosal homing marker CD103 in mucosal lymphoid
organs (MLN, PLN) in BALB/c mice receiving the STD diet, than
in mice receiving the GF diet.

The proportion of CD4T cells expressing CD45RB"9" and
CD45RB"" was influenced by the diet

The CD45RB antigen is highly expressed on various subsets of
lymphocytes. The expression of CD45RB on CD4" T cells
distinguishes naive (CD45RB™") from activated or memory
(CD45RB™™) cells. Furthermore, the expression of CD45RB is
associated with distinct immunological functions of the T cell
[29,30]. We found that BALB/c mice on the STD diet displayed a
significant lower proportion of CD4*CD45RB™™ T cells in S
(73.9%0.35 vs. 82.80.40%, P<<0.01) and in PP (86.60.49 vs.
90.2%0.61%, P<<0.05), than mice on the GF diet (Fig. 4A). The
reciprocal CD4"CD45RB"" T cell population was increased in

@ PLoS ONE | www.plosone.org

mice on the STD compared to the GF diet, with a significant
increase in PP (4.9%0.01 vs. 4.5%0.05%, P<<0.01) and PLN
(2.2+0.05 vs. 1.4%£0.03%, P<<0.01) (Fig. 4B). A representative
example of the CD45RB FACS analysis and the differences in the
proportion of CD45RB expression in PLN is shown in Fig. 4C. In
conclusion, mice receiving the gluten-containing STD diet
displayed a significantly lower proportion of CD4*CD45RB"" T
cells in S and PP, and a higher percentage of CD4*CD45RBMsb T
cells in PP and PLN.

Fewer CD4" T cells in PP expressed CD62L in mice
receiving the STD diet

CD62L  (L-selectin) is a member of the selectin adhesion
molecule family, and is required for leukocyte entry from
circulation into secondary lymphoid tissues such as peripheral
lymph nodes [31]. When studying an effect of the STD gluten-
containing diet on CD62L expression within the CD4+ T cells
(Fig. 5), we found no substantial differences in non-mucosal
lymphoid compartments (S, ILN) as well as in MLN and PLN
associated with the mucosal lymphoid tissue. However, there were
significantly fewer CD4*CD62L" T cells in mice receiving the
STD diet compared to the GF diet in PP (32.9%0.26 vs.
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Figure 3. The STD diet reduced the proportion of y3 T cells. (A) Bars represent percentages of yd T cells. The proportion of y5 T cells was
reduced in BALB/c mice on the gluten-containing STD diet in all tested lymphoid compartments. (B) Representative dot plots illustrating gating of v
T cells, and the subsequent analysis of subpopulation of y3 T cells, according to CD8 and CD103 expression. (C) Percentages of yd T cells expressing
CD103. Gluten induced a significant increase in CD103 expression on y3 T cells in MLN and PLN. (D) Percentages of CD8"CD103™ cells gated on 100%
v8* cells, with an increased proportion in MLN and PLN in mice on the STD compared to the GF diet. (E) Percentages of vd T cells expressing CD8. The
proportion of CD8" y8 T cells was higher in PLN in mice receiving the STD compared to the GF diet. (F) Percentages of CD8 CD103™ 8 T cells was
lower in mice on the STD than on the GF diet, with a significant decrease in MLN and PLN. Barplots are mean values = SEM of two independent
experiments with 6 mice in each group. Spleen (S); inguinal lymph nodes (ILN); mesenteric lymph nodes (MLN); Peyer’s patches (PP) and pancreatic
lymph nodes (PLN). Black bars: STD diet. Grey bars: GF diet. * P<<0.05. ** P<<0.01. *** P<<0.001.

doi:10.1371/journal.pone.0033315.g003

42.9%+2.32%, P<0.05)Fig. 5A). A representative example of
isolated PP is shown in Fig. 5B. Although not significant, a
decreased percentage of CD62LYCD4" T cells was also noticed
in PLN in mice receiving the STD diet. In a representative

CD4" T cells in all other lymphoid compartments (S, ILN, MLN,
PLN).

Increase in CD103" T cells in S and PLN in mice receiving

example we found 76.57% compared to 83.44%. In conclusion,
there were fewer CD4" T cells expressing the CD62L. homing
marker in PP of BALB/c¢ mice fed the STD diet than in mice on
the GI diet but no differences were found in CD62L expression on

the STD diet

The integrin CD103 (aEB7 integrin) is responsible for an
efficient homing and retention of lymphocytes to gut-associated
lymphoid tissue, gut epithelium and lamina propria [32]. To
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of BALB/c mice receiving the STD diet compared to the GF diet. (B) Percentages of cells expressing CD45RB"9" gated on 100% CD3*CD4* cells. There
was an increased proportion of CD4+CD45RB™" T cells in PP and PLN in mice receiving the STD diet. Data are presented as mean values + SEM of
two independent experiments with 6 mice in each group. (C) Representative dot plot of cells isolated from PLN showing the proportion of CD45RB""
and CD45RB"9" CD4* T cells from STD mice vs. GF mice. Spleen (S); inguinal lymph nodes (ILN); mesenteric lymph nodes (MLN); Peyer’'s patches (PP)
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determine diet-induced differences in CD103 expression on
T cells, we first assessed differences within the CD3" gated
cells. We found a significantly higher proportion of CD103" T
cells in mice on the STD diet vs. the GF diet, in S (15.4%0.11
vs. 13.8#0.06%, P<0.01) and in PLN (13.8+0.20 wvs.
9.21+0.70%, P<0.05) (Fig. 6A). A representative staining of
CD3*CD103" cells isolated from PLN is shown in Fig. 6B.
However, when gating on CD3*CD4" T cells we found no
significant diet-induced differences in the CDI103 expression
(Fig. 6C/D). CD103 positive T cells are thus found to be

@ PLoS ONE | www.plosone.org

expanded in S and PLN of BALB/c mice receiving the STD diet,
compared to the GF diet, but this pattern is not present within the
CD4" T cells.

No diet-induced difference was found in the proportion
of CD49b™ T cells and CD49b" non-T cells

Because BALC/c mice do not express the NK1.1 marker, we
have used anti-CD49b (clone DX5) pan-NK mAb that was shown
to almost entirely overlap with the NKI1.1 staining in C57Bl/6
mice as an NK cell marker [33]. We assessed its expression within
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Figure 6. Increase in CD103" T cells in S and PLN in mice receiving the STD diet. (A) Bars represent the proportion of CD103* cells, gated on
100% CD3" cells. There was an increased proportion of CD103 expression in S and PLN in BALB/c mice receiving the STD diet. (B) Representative dot
plot from PLN showing the differences in CD103" T cells between the two diets. (C) Bars showing the percentages of CD103* cells gated on 100%
CD3"CD4* lymphocytes. (D) Representative dot plots of CD4"CD103* T cells from isolated PLN. Barplots are mean values + SEM of two independent
experiments with 6 mice in each group. Spleen (S); inguinal lymph nodes (ILN); mesenteric lymph nodes (MLN); Peyer’s patches (PP) and pancreatic
lymph nodes (PLN). Black bars: STD diet. Grey bars: GF diet. * P<<0.05. ** P<<0.01.

doi:10.1371/journal.pone.0033315.g006

the CD3" and the CD3™ cells. No statistically significant Discussion

difference in proportions of CD3"CD49b" or CD3~ CD49b*

cells were found in neither S, ILN, MLN, PP, PLN of BALB/c TID is an autoimmune disease that is characterized by
mice fed the STD versus GF diets (Fig. 7A/B). Although not dysregulated T cell activation and diminished regulatory T cell
significant a tendency towards a lower level of CD3"CD49b* function [34,35]. Gluten intake has been associated with the
(NKT cells) were found in mice fed the STD versus the GI diet development of T1D in both animal models of T1D [1,3] and in
(Fig. 7A). humans [4,5], but the effect of dietary gluten on T cell subsets
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Figure 7. No diet-induced difference was found in the proportion of CD3"CD49b"* (NKT cells) or CD3 CD49b" (NK cells). (A) Bars
represent the proportion of CD49b* cells, gated on 100% CD3" cells. No diet induced differences was found. (B) Bars showing the percentages of
CD37CD49b™" cells, with no significant differences between the two diets. Barplots are mean values = SEM of two independent experiments with 6
mice in each group. Spleen (S); inguinal lymph nodes (ILN); mesenteric lymph nodes (MLN); Peyer’s patches (PP) and pancreatic lymph nodes (PLN).

Black bars: STD diet. Grey bars: GF diet.
doi:10.1371/journal.pone.0033315.9g007

associated with regulatory function has not been well charac-
terized. In order to assess the effect of dietary gluten on various T
cell subsets, experiments were carried out in healthy immuno-
competent BALB/c¢ mice, as NOD mice are known to be
lymphophenic [28] as well as they display other immune
alterations [36].

Collectively, our data show that a gluten-containing STD diet
decreases the proportion of yd T «cells in all lymphoid
compartments studied, but reciprocal differences was detected in
CD8" and CD103" ¥8 T cells in mucosal lymphoid compart-
ments. This is the most consistent change among the T cell subsets
studied according to gluten influenced changes. However we also
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found substantially decreased proportion of CD62L*CD4" T cells
in PP and of CD4"CD45RB™™" T cells in S and PP associated
with the STD diet. Furthermore, mice fed the STD diet showed
increased proportion of CD4"CD45RB"=** in PP and PLN and of
CD103" T cells in S and PLN. Interestingly, no diet-induced
changes were found in CD4*Foxp3™* T cells, CD3"CD49b" (NKT
cells) or CD3”CD49b" (NK cells). The Th17 cell population,
associated with the development of autoimmunity [37,38], was
substantially increased in PLN of mice fed the STD diet. A
summary of the changes in T cells (CD3") subsets and cellular
markers in BALB/c mice receiving the gluten-containing STD
diet compared to the GF diet is given in Fig. 8.
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Figure 8. Summary of changes in T cells (CD3") subsets and cellular markers in BALB/c mice receiving the gluten-containing STD
diet compared to the GF diet. Spleen (S); inguinal lymph nodes (ILN); mesenteric lymph nodes (MLN); Peyer's patches (PP) and pancreatic lymph
nodes (PLN). Significant diet-induced changes within specific lymphoid compartment are indicated in each box. 1 : Increased proportion in animals
receiving the gluten-containing STD diet. | : Decreased proportion in animals receiving the gluten-containing STD diet. I: No diet-induced changes.
Boxes with thin line: Subsets of T cells expressing a specific cellular marker e.g. yd T cells expressing CD103.

doi:10.1371/journal.pone.0033315.g008

Evidence derived from both human and animal studies suggests
that a deficiency in either the frequency or the function of Tregs
could be associated with T1D development [34]. Foxp3-
expressing Tregs are a constitutively occurring T cell subpopula-
tion, whose deficiency is associated with development of
autoimmunity, and which controls adaptive immune responses
both in health and disease [39]. We found no diet-induced
changes in the proportion of Foxp3" Tregs in neither mucosal
lymphoid tissue (MLN, PP, PLN) nor in non-mucosal lymphoid
compartments (S, ILN). Previously, one study reported that gluten
intake reduces the proportion of Foxp3™ T cells in PP of BALB/c
mice [40]. The discrepancy between the studies could be due to
differences in the age at which the BALB/c mice were introduced
to the gluten-free diet or whether the mice were exposed to gluten
during lactation. Other studies do, however, find that the
proportion of Foxp3* Tregs is not influenced by gluten intake as
in human CD patients [41] or in T1D patients or in individuals at
varying degrees of risk for T1D [42]. Thus it seems that the
frequency of Foxp3™ Tregs is not related to disease development or
prevention but a defective regulatory function in Foxp3" Tregs
could still play a role in susceptibility to the disease. This view is
supported by studies showing defective suppressor function in
CD4"CD25" T cells from T1D patients [43,44] and by studies
showing that Foxp3 mRNA expression (relative to the number of
Foxp3" Tregs) is reduced in patients with potential CD or T1D
[45,46]. The authors suggest that this could indicate that the
maintenance of oral tolerance to gluten is not related to a higher
proportion of Foxp3™ T cells, but is related to the up-regulation of
Foxp3 transcripts [46]. Therefore it seems that functional changes
in Foxp3* Tregs, rather than their frequency might be involved in
the susceptibility for developing T1D.

Interestingly, we found that the gluten-containing STD diet
specifically raised the proportion of Th17 cell in PLN. The Th17
subsets are considered to be a key mediator of distinct
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autoimmune diseases, as rheumatoid arthritis [47], multiple
sclerosis [48], inflammatory bowel disease [49], and CD [50,51].
Recently Th17 cells have been described to be involved in T1D,
both in animal models [38] and in humans [37]. The exact role of
Thl7 cells in the diabetogenic process remains to be fully
determined. However, it has been shown that the insulitis lesions
in the NOD mice contain high levels of IL-17 transcript [52].
Moreover, inhibition of Thl7 cells with neutralising anti-IL-17
antibodies or with recombinant IL-25 prevents diabetes in NOD
mice when treatment is started at 10 weeks but not 5 weeks of age
[53], ilustrating the importance of this cell population in the
pathogenesis of T1D as well as the role of different time windows
required for T1D preventive interventions. To our knowledge,
gluten-induced Th17 priming in pancreatic lymph nodes has not
previously been described. This finding thus points towards
possible mechanisms by which dietary gluten may have an
etiological role in T1D.

Several lines of evidence suggest a role for yd T cells in T1D
[24-26]. Their role in the pathogenesis seems to be complex, with
indications of their involvement both in regulatory and pathogenic
pathways. NOD mice display an increased proportion of y8 T cells
at onset of diabetes [23], and in BB rats the development of y3 T
cells is inhibited due to the /p mutation, which is a marker of
susceptibility to diabetes [54]. Recently, insulin-specific y6 T cells
were found in NOD mice, and the authors suggest that these
insulin-specific Y& T cells are involved in the auto-immune
response leading to T1D [55]. We found a significantly lower
proportion of yd T cells both in non-mucosal and mucosal
lymphoid organs in mice receiving the STD diet, compared to the
GF diet. This is the most consistent change detected among the T
cell subsets, in respect to the two diets tested. However, a higher
proportion of CD8* y8 T cells and y8 T cells expressing the
mucosal homing marker CD103 were found in mice on the STD
diet vs. the GF diet. Although, the exact role of y§ T cells is
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remains to be further studied, several findings have documented
an importance of Y8 T cells in induction of tolerance. Thus, nasal
exposure to insulin induces CD8"y3 T cells capable of suppressing
diabetes development in mice [27], anti-yd antibody disrupts oral
mucosal tolerance to ovalbumin in mice [56], and oral
administration of antigen does not induce tolerance in TCR&-
knockout mice [57]. Moreover, it have been shown that
intraepithelial CD8"y8 T cells prevent diabetes, and intraepithelial
¥8 T cells are required for induction of regulatory CD4*CD25" T
cells by oral insulin, in the neonatal thymectomy NOD mouse
model of T1D [28]. These data suggest that oral tolerance to
antigens is induced and actively maintained by mechanisms
involving v8 T cells. Overall, the intake of dietary gluten reduces
the proportion of y8 T cells in both non-mucosal and mucosal
lymphoid organs, but it increases the proportion of potentially
regulatory CD8" ¥8 T cells expressing the intestinal homing
marker CD103 in mucosal lymphoid organs. To support these
findings, we determined diet-induced differences in the expression
of CD103. We found an increase in the proportion of CD103* T
cells in S and PLN of BALB/c mice receiving the gluten-
containing STD diet. The CD103 integrin (aEB7 integrin) is
important for homing of T cells to the intestinal compartment, as it
mediates adhesion to epithelial cells due to its binding to E-
cadhedrin, expressed selectively on epithelial cells [58]. Our data
indicate that gluten leads to an immune activation within the
intestinal compartment that causes upregulation of CD103 on
lymphocytes.

Several T cell subsets with regulatory properties have been
demonstrated to prevent diabetes development in the NOD mouse
model. Apart from the regulatory role of Y T cells in T1D [27,28]
CD4"CD62L" T cells have been shown to inhibit development of
the disease in NOD mice [59,60] Here we show a decreased
proportion of CD4"CD62L" T cells in PP and a similar tendency
in PLN of BALB/c mice fed the gluten-containing STD diet
compared to the GF diet. Since expression of CD62L 1s critical for
leukocyte trafficking into secondary lymphoid organs [31], the
diabetes-permissive STD diet may be associated with lower
proportion of naive CD4" T cells migrating to mucosal
compartments such as PP or the PLN. The increased proportion
of CD62L expression in PP and a similar tendency in PLN in mice
fed the diabetes-preventive GF diet is also interesting in respect to
the observation that Tregs expressing high levels of CD62L posses
stronger immunosuppressive potential [61].

Transfer of CD4*CD45RB"s" expressing T cells into an
immunodeficient mouse induces chronic intestinal inflammation
[62] and this population of cells is conventionally used to induce
inflammatory bowel disease in mice [63], illustrating their
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In summary, our present study reveals that the gluten-
containing STD diet, that allows high diabetes penetrance in
spontaneous, animal models of T1D, significantly decreases the
proportion of different potentially regulatory T cell populations,
especially ¥8 T cells and CD4"CD62L", but not CD4+Foxp3*™ T
cells. Moreover, the STD diet modifies the proportions of
CD4"CD45RB'™* and CD4"CD45RB"" T cells and leads to
an increased proportion of proinflammatory Thl7 cells in
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described changes were localized specifically within the mucosal
compartment (MLN, PP) and PLN. Thus, our data show the effect
of dietary gluten on the gut-associated immune system and the
potential, etiological role of gluten in T1D. We suggest that failure
to develop proper regulatory immune responses to environmental
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T1D in genetically predisposed individuals.

Acknowledgments

We wish to thank Signe M. Nielsen, The Bartholin Institute, Rigshospita-
let, for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: JCA PF DPF. Performed the
experiments: JCA PF DPF. Analyzed the data: JCA. Contributed reagents/
materials/analysis tools: JCA PF DPF. Wrote the paper: JCA. Reviewed/
edited manuscript: KB DPF.

8. Hansen D, Brock-Jacobsen B, Lund E, Bjorn C, Hansen LP, et al. (2006)
Clinical benefit of a gluten-free diet in type 1 diabetic children with screening-
detected celiac disease: a population-based screening study with 2 years’ follow-
up. Diabetes Care 29: 2452-2456.

9.  Collin P, Kaukinen K, Valimaki M, Salmi J (2002) Endocrinological disorders

and celiac disease. Endocr Rev 23: 464-483.

Graham S, Courtois P, Malaisse W], Rozing J, Scott FW, et al. (2004)

Enteropathy precedes type 1 diabetes in the BB rat. Gut 53: 1437-

1444.

11. Secondulfo M, ITafusco D, Carratu R, deMagistris L, Sapone A, et al. (2004)

Ultrastructural mucosal alterations and increased intestinal permeability in non-

celiac, type I diabetic patients. Dig Liver Dis 36: 35—45.

Bosi E, Molteni L, Radaelli MG, Folini L, Fermo I, et al. (2006) Increased

intestinal permeability precedes clinical onset of type 1 diabetes. Diabetologia

49: 2824-2827.

. Drago S, El AR, Di PM, Grazia CM, Tripathi A, et al. (2006) Gliadin, zonulin

and gut permeability: Effects on celiac and non-celiac intestinal mucosa and
intestinal cell lines. Scand J Gastroenterol 41: 408-419.

12.

March 2012 | Volume 7 | Issue 3 | e33315



22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

Sapone A, de ML, Pietzak M, Clemente MG, Tripathi A, et al. (2006) Zonulin
upregulation is associated with increased gut permeability in subjects with type 1
diabetes and their relatives. Diabetes 55: 1443-1449.

. Jaakkola I, Jalkanen S, Hanninen A (2003) Diabetogenic T cells are primed both

in pancreatic and gut-associated lymph nodes in NOD mice. Eur J Immunol 33:
3255-3264.

Hanninen A, Salmi M, Simell O, Jalkanen S (1996) Mucosa-associated (beta 7-
integrinhigh) lymphocytes accumulate early in the pancreas of NOD mice and
show aberrant recirculation behavior. Diabetes 45: 1173-1180.

Hanninen A, Jaakkola I, Jalkanen S (1998) Mucosal addressin is required for the
development of diabetes in nonobese diabetic mice. J Immunol 160: 6018-6025.
Shevach EM (2004) Regulatory/suppressor T cells in health and disease.
Arthritis Rheum 50: 2721-2724.

Funda DP, Kaas A, Tlaskalova-Hogenova H, Buschard K (2008) Gluten-free
but also gluten-enriched (gluten+) diet prevent diabetes in NOD mice; the gluten
enigma in type 1 diabetes. Diabetes Metab Res Rev 24: 59-63.

Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, et al. (2005)
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct
from the T helper type 1 and 2 lineages. Nat Immunol 6: 1123-1132.
Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, et al.
(2006) Transforming growth factor-beta induces development of the T(H)17
lineage. Nature 441: 231-234.

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. (2006) Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T' cells. Nature 441: 235-238.

Funda D, Stenvang JP, Buschard K (1995) Age-related changes in T gamma
delta cells of NOD mice. Immunol Lett 45: 179-184.

Kretowski A, Mysliwiec J, Kinalska I (2000) Abnormal distribution of
gammadelta T lymphocytes in Graves’ disease and insulin-dependent diabetes
type 1. Arch Immunol Ther Exp (Warsz) 48: 39-42.

Lang FP, Schatz DA, Pollock BH, Riley WJ, Maclaren NK, et al. (1991)
Increased T lymphocytes bearing the gamma-delta T cell receptor in subjects at
high risk for insulin dependent diabetes. J Autoimmun 4: 925-933.

Lang FP, Pollock BH, Riley W], Maclaren NK, Barrett DJ (1993) The temporal
association between gamma delta T cells and the natural history of insulin-
dependent diabetes. J Autoimmun 6: 107-119.

Harrison LC, mpsey-Collier M, Kramer DR, Takahashi K (1996) Aerosol
insulin induces regulatory CD8 gamma delta T cells that prevent murine insulin-
dependent diabetes. J Exp Med 184: 2167-2174.

Locke NR, Stankovic S, Funda DP, Harrison LC (2006) TCR gamma delta
intraepithelial lymphocytes are required for self-tolerance. J Immunol 176:
6553-6559.

Horgan KJ, Tanaka Y, Luce GE, van Seventer GA, Nutman TB, et al. (1994)
CD45RB expression defines two interconvertible subsets of human CD4+ T cells
with memory function. Eur J Immunol 24: 1240-1243.

Ten HT, The OF, Berkhout M, Bruggeman JP, Vyth-Dreese FA, et al. (2004)
Expression of CD45RB functionally distinguishes intestinal T lymphocytes in
inflammatory bowel disease. J Leukoc Biol 75: 1010-1015.

Ivetic A, Ridley AJ (2004) The telling tail of L-selectin. Biochem Soc Trans 32:
1118-1121.

Gorfu G, Rivera-Nieves J, Ley K (2009) Role of beta7 integrins in intestinal
lymphocyte homing and retention. Curr Mol Med 9: 836-850.

Arase H, Saito T, Phillips JH, Lanier LL (2001) Cutting edge: the mouse NK
cell-associated antigen recognized by DX5 monoclonal antibody is CD49b
(alpha 2 integrin, very late antigen-2). J Immunol 167: 1141-1144.

Bisikirska BC, Herold KC (2005) Regulatory T cells and type 1 diabetes. Curr
Diab Rep 5: 104-109.

Kukreja A, Cost G, Marker J, Zhang C, Sun Z, et al. (2002) Multiple immuno-
regulatory defects in type-1 diabetes. J Clin Invest 109: 131-140.

Leiter EH, von HM (2004) Animal models have little to teach us about type 1
diabetes: 2. In opposition to this proposal. Diabetologia 47: 1657-1660.
Bradshaw EM, Raddassi K, Elyaman W, Orban T, Gottlieb PA, et al. (2009)
Monocytes from patients with type 1 diabetes spontaneously secrete proin-
flammatory cytokines inducing Th17 cells. J Immunol 183: 4432-4439.

Jain R, Tartar DM, Gregg RK, Divekar RD, Bell JJ, et al. (2008) Innocuous
IFNgamma induced by adjuvant-free antigen restores normoglycemia in NOD
mice through inhibition of IL-17 production. J Exp Med 205: 207-218.
Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M (1995) Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains
(CD25). Breakdown of a single mechanism of self-tolerance causes various
autoimmune diseases. ] Immunol 155: 1151-1164.

Ejsing-Duun M, Josephsen J, Aasted B, Buschard K, Hansen AK (2008) Dietary
gluten reduces the number of intestinal regulatory T cells in mice.
Scand J Immunol 67: 553-559.

Granzotto M, dal BS, Quaglia S, Tommasini A, Piscianz E, et al. (2009)
Regulatory T-cell function is impaired in celiac disease. Dig Dis Sci 54:
1513-1519.

@ PLoS ONE | www.plosone.org

12

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

56.

57.

58.

59.

60.

61.

62.

64.

Dietary Gluten Affects Tregs and Th17 Cells

Brusko T, Wasserfall C, McGrail K, Schatz R, Viener HL, et al. (2007) No
alterations in the frequency of FOXP3+ regulatory T-cells in type 1 diabetes.
Diabetes 56: 604-612.

Lindley S, Dayan CM, Bishop A, Roep BO, Peakman M, et al. (2005) Defective
suppressor function in CD4(+)CD25(+) T-cells from patients with type 1
diabetes. Diabetes 54: 92-99.

Brusko TM, Wasserfall CH, Clare-Salzler M], Schatz DA, Atkinson MA (2005)
Functional defects and the influence of age on the frequency of CD4+ CD25+ T-
cells in type 1 diabetes. Diabetes 54: 1407-1414.

. Yang ZF, Zhou ZG, Tang WL, Huang G, Peng J, et al. (2006) [Decrease of

FOXP3 mRNA in CD4+ T cells in latent autoimmune diabetes in adult].
Zhonghua Yi Xue Za Zhi 86: 2533-2536.

Tiittanen M, Westerholm-Ormio M, Verkasalo M, Savilahti E, Vaarala O
(2008) Infiltration of forkhead box P3-expressing cells in small intestinal mucosa
in coeliac disease but not in type 1 diabetes. Clin Exp Immunol 152: 498-507.
Chabaud M, Garnero P, Dayer JM, Guerne PA, Fossiez F, et al. (2000)
Contribution of interleukin 17 to synovium matrix destruction in rheumatoid
arthritis. Cytokine 12: 1092-1099.

Graber JJ, Allie SR, Mullen KM, Jones MV, Wang T, et al. (2008) Interleukin-
17 in transverse myelitis and multiple sclerosis. ] Neuroimmunol 196: 124-132.
Nielsen OH, Kirman I, Rudiger N, Hendel J, Vainer B (2003) Upregulation of
interleukin-12 and -17 in active inflammatory bowel disease.
Scand J Gastroenterol 38: 180-185.

Castellanos-Rubio A, Santin I, Irastorza I, Castano L, Carlos V], et al. (2009)
TH17 (and THI) signatures of intestinal biopsies of CD patients in response to
gliadin. Autoimmunity 42: 69-73.

Sapone A, Lammers KM, Mazzarella G, Mikhailenko I, Carteni M, et al. (2009)
Differential Mucosal IL-17 Expression in Two Gliadin-Induced Disorders:
Gluten Sensitivity and the Autoimmune Enteropathy Celiac Disease. Int Arch
Allergy Immunol 152: 75-80.

Vukkadapu SS, Belli JM, Ishii K, Jegga AG, Hutton JJ, et al. (2005) Dynamic
interaction between T cell-mediated beta-cell damage and beta-cell repair in the
run up to autoimmune diabetes of the NOD mouse. Physiol Genomics 21:
201-211.

Emamaullee JA, Davis J, Merani S, Toso C, Elliott JF, et al. (2009) Inhibition of
Th17 cells regulates autoimmune diabetes in NOD mice. Diabetes 58:
1302-1311.

Ramanathan S, Marandi L, Poussier P (2002) Evidence for the extrathymic
origin of intestinal TCRgammadelta(+) T cells in normal rats and for an
impairment of this differentiation pathway in BB rats. J Immunol 168:
2182-2187.

Zhang L, Jin N, Nakayama M, O’Brien RL, Eisenbarth GS, et al. (2010)
Gamma delta T cell receptors confer autonomous responsiveness to the insulin-
peptide B:9-23. ] Autoimmun 34: 478-484.

Mengel J, Cardillo F, Aroeira LS, Williams O, Russo M, et al. (1995) Anti-
gamma delta T cell antibody blocks the induction and maintenance of oral
tolerance to ovalbumin in mice. Immunol Lett 48: 97-102.

Ke Y, Pearce K, Lake JP, Ziegler HK, Kapp JA (1997) Gamma delta T
lymphocytes regulate the induction and maintenance of oral tolerance.
J Immunol 158: 3610-3618.

Schon MP, Arya A, Murphy EA, Adams CM, Strauch UG, et al. (1999)
Mucosal T lymphocyte numbers are selectively reduced in integrin alpha E
(CD103)-deficient mice. J Immunol 162: 6641-6649.

Herbelin A, Gombert JM, Lepault F, Bach JF, Chatenoud L (1998) Mature
mainstream TCR alpha beta+CD4+ thymocytes expressing L-selectin mediate
“active tolerance” in the nonobese diabetic mouse. J Immunol 161: 2620-2628.
Lepault F, Gagnerault MC (2000) Characterization of peripheral regulatory
CD4+ T cells that prevent diabetes onset in nonobese diabetic mice. J Immunol
164: 240-247.

Fu S, Yopp AC, Mao X, Chen D, Zhang N, et al. (2004) CD4+ CD25+ CD62+
T-regulatory cell subset has optimal suppressive and proliferative potential.
Am J Transplant 4: 65-78.

Leach MW, Bean AG, Mauze S, Coffman RL, Powrie F (1996) Inflammatory
bowel disease in C.B-17 scid mice reconstituted with the CD45RBhigh subset of
CD4+ T cells. Am J Pathol 148: 1503-1515.

Powrie F, Leach MW, Mauze S, Caddle LB, Coffman RL (1993) Phenotypically
distinct subsets of CD4+ T cells induce or protect from chronic intestinal
inflammation in C. B-17 scid mice. Int Immunol 5: 1461-1471.

Morrissey PJ, Charrier K (1994) Induction of wasting disease in SCID mice by
the transfer of normal CD4+/CD45RBhi T cells and the regulation of this
autoreactivity by CD4+/CD45RBlo T cells. Res Immunol 145: 357-362.
Powrie F, Correa-Oliveira R, Mauze S, Coffman RL (1994) Regulatory
interactions between CD45RBhigh and CD45RBlow CD4+ T cells are
important for the balance between protective and pathogenic cell-mediated

immunity. ] Exp Med 179: 589-600.

March 2012 | Volume 7 | Issue 3 | e33315



3.2.2. Publication V.
Antvorskov JC, Fundova P, Buschard K, Funda DP. Dietary gluten alters the balance of

pro-inflammatory and anti-inflammatory cytokines in T cells of BALB/c mice.
Immunology, 2013; 138(1):23-33. IF (2015) = 4.078

This study is a follow-up of previous paper. In animal models of T1D, the dietary
prevention of the disease is well documented, but the mechanisms behind the diet-mediated
modification of diabetes incidence are not well understood. A cytokine shift towards Thl
profile was described in the gut of NOD mice fed diabetes-permissive standard diet (Flohe
et al., 2003). In BB rats a shift from a Thl to Th2 cytokine pattern has been described in the
islet infiltrate of BB rats fed a hydrolyzed casein diet (Scott et al., 1997).

In this study we investigated cytokine profiles of polyclonally (PMA + ionomycin)
stimulated Foxp3™ Tregs as well as Foxp3™ T cells from mucosal (MLN, PLN, PP) and non-
mucosal (spleen, ILN) lymphoid organs from immunocompetent BALB/c mice that were
fed neonatelly a standard, gluten-containing, diabetes permissive diet compared to litters
fed gluten-free, diabetes preventive diet.

Within CD4" T cells the gluten-containing, standard diet increased numbers of IFN-y, IL-17
and IL-2 producing cells in all organs studied. In Foxp3+ Tregs, there was a shift towards
more IL-2, and IL-17 (in mucosal organs) as well as IL-4 and IFN- vy positive cells (in both
compartments). On the other hand, the gluten-free diet was associated with increased
proportion of TGF-B positive CD4" T cells. The expression of IFN-y in Tregs was a
surprising finding, that was, however corresponding with the plasticity of Tregs published
J. Bloostone group (Zhou et al., 2009). Collectively, our results document that the gluten-
containing, diabetes permissive diet is causing a more proinflammatory cytokine signature
in both CD4™ T cells as well as Foxp3™ Tregs. We think the proinflammatory properties of
the diabetes permissive, gluten-based diet points towards a hypothesis, that a higher gluten

intake could be associated with an increased diabetes incidence.
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Introduction

Summary

Several studies have documented that dietary modifications influence the
development of type 1 diabetes. However, little is known about the inter-
play of dietary components and the penetration of diabetes incidence. In
this study we tested if wheat gluten is able to induce differences in the
cytokine pattern of Foxp3™ regulatory T cells, as well as Foxp3™ T cells,
isolated from intestinal mucosal lymphoid tissue and non-mucosal lym-
phoid compartments in BALB/c mice. The gluten-containing standard diet
markedly changed the cytokine expression within Foxp3™ T cells, in all
lymphoid organs tested, towards a higher expression of pro-inflammatory
interferon-y (IFN-y), interleukin-17 (IL-17) and IL-2. In Foxp3™* regula-
tory T cells, gluten ingestion resulted in a mucosal increase in IL-17 and
IL-2 and an overall increase in IFN-y and IL-4. The gluten-free diet
induced an anti-inflammatory cytokine profile with higher proportion of
transforming growth factor-B (TGF-B)* Foxp3~ T cells in all tested lym-
phoid tissues and higher IL-10 expression within non-T cells in spleen,
and a tendency towards a mucosal increase in TGF-B" Foxp3™ regulatory
T cells. Our data shows that the gluten-containing standard diet modifies
the cytokine pattern of both Foxp3™ T cells and Foxp3™ regulatory T cells
towards a more inflammatory cytokine profile. This immune profile may
contribute to the higher type 1 diabetes incidence associated with gluten
intake.

Keywords: Cytokines; Foxp3 regulatory T cells; Gluten; Mucosal immu-
nology; T cells; Type 1 diabetes.

promoted T1D development in two animal models of
T1D, the NOD mice and the biobreeding rat.>® The dia-

Type 1 diabetes (T1D) and coeliac disease are both dis-
eases of autoimmune origin. In T1D tolerance to beta
cell antigens is broken, leading to expansion of autoreac-
tive T cells that attack pancreatic beta cells with subse-
quent loss of insulin production. In addition to being a
disease-initiating factor in coeliac disease, there is evi-
dence that gluten affects the development of T1D. A
gluten-free (GF) diet is found to have a protective effect
on the development of disease, as observed in the non-
obese diabetic (NOD) mice where a GF diet prevents
diabetes.' Studies have found that antibody production
against a wheat-storage globulin (Glbl) was higher in
patients with T1D compared with controls® and newly
diagnosed patients with T1D have enhanced T-cell reac-
tivity to gluten.” The highest incidence of diabetes in
experimental animal models of T1D is found in animals
on a wheat-based diet,' and a cereal-based diet

© 2012 Blackwell Publishing Ltd, Immunology, 138, 23-33

betogenic potential of gluten seems to be dependent on
the time of gluten introduction, both in biobreeding
rats” and NOD mice, as delayed exposure to dietary glu-
ten in newborn NOD mice was sufficient to reduce later
development of T1D.® This is consistent with human
studies where early introduction of gluten-containing
cereals to children increases the risk of developing islet
autoantibodies.’

Evidence points towards involvement of the intestinal
immune system in the development of T1D. In NOD
mice the lymphocytes infiltrating the islets express the
gut-associated lymphoid tissue-specific integrin oy/f;,"
and mesenteric lymphocytes transfer diabetes from NOD
mice to non-diabetic mice, which indicates that diabeto-
genic T cells are activated in the intestinal compartment
before infiltrating the pancreas.'' Moreover, gastrointes-
tinal changes (increased intestinal permeability and
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enteropathy) are found in both human TI1D patients'?
and in animal models of T1D."

Few studies have been performed to clarify how dietary
gluten affects the immune system. NOD mice on a wheat-
based diet have a T helper type 1 (Thl) cytokine bias in the
gut,'* and in biobreeding rats a cereal-based diet induces a
Thl cytokine profile in pancreas-infiltrating cells.'”” More-
over, gluten has been shown to directly activate dendritic
cells.'®'” Hence, evidence points towards a role for gluten
in T1D, perhaps through a complex interplay between glu-
ten, predisposing genes and mucosal immunity. A better
understanding of the effect of gluten on the mucosal
immune system may help to explain the observed link
between gluten intake and the development of T1D.

Regulatory T cells (Tregs) play an important role in the
control of peripheral potentially autoreactive T cells, that
have escaped central deletion in thymus. Autoimmune
diseases may develop through an altered balance between
self-reactive T cells and Tregs."® The Tregs include a
number of different T-cell subsets, including the forkhead
box p3 transcription factor (Foxp3) expressing cells.
Foxp3-expressing Tregs are a constitutively occurring T-
cell sub-population whose deficiency is associated with
development of autoimmune diseases, and that are
involved in the control of the overall adaptive immune
response both in health and disease."® Foxp3™ Tregs are
able to promote bystander suppression and to block an
inflammatory response by regulation of various cell types,
including CD4" and CD8" T cells, B cells and antigen-
presenting cells.*

Foxp3* Tregs mediate their suppression through cell
contact-dependent mechanisms, by secretion of immuno-
suppressive cytokines such as transforming growth factor-
p (TGE-p), interleukin-10 (IL-10) and IL-35 or by com-
peting with T effector (Teff) cells for cytokines, e.g. IL-2,
that are necessary for survival and expansion of both
Tregs and Teff cells.”® Despite the fact that Foxp3* Tregs
are considered to be a constitutive, regulatory T-cell pop-
ulation, it has become evident that this subset is not
always stable. When exposed to appropriate cytokine sig-
nals, a small fraction of Foxp3" CD4" T cells retains plas-
ticity to differentiate into Teff cells, with the potential to
produce inflammatory cytokines such as interferon-y
(IFN-7) and so lose their regulatory activity.?** Recently,
IL-17-producing Foxp3" cells have been identified in
human peripheral blood, tonsils*> and in small intestinal
lamina propria.** Interleukin-17 is usually secreted by
Th17 cells, a subpopulation of CD4" T cells, which are
instrumental in the response against microbial infection,
but Th17 cells are also potent inducers of tissue inflam-
mation and associated with organ-specific autoimmuni-
ty.”® Considerable evidence exist in animals as well as
humans for the importance of IFN-y and IL-17 in the
development and progression of autoimmune diseases,
and for TGF-f and IL-10 as key mediators in maintaining
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T-cell tolerance to self by regulating differentiation and
homeostasis of Tregs and Teff cells.”>*’

The aim of the present study was to clarify the effect of
the gluten-containing standard (STD) diet on the cyto-
kine pattern in Foxp3~ and Foxp3" T cells isolated from
mucosal lymphoid tissues: Peyer’s patches (PP), mesen-
teric lymph nodes (MLN) and pancreatic lymph nodes
(PLN), and from non-mucosal lymphoid compartments:
spleen (S) and inguinal lymph nodes (ILN), and to com-
pare these results with similar experiments using mice
receiving the diabetes-protective GF diet. The experiments
were performed using fully immunocompetent BALB/c
mice. Gluten-induced changes in the cytokine pattern of
T cells may have an important impact on the develop-
ment of autoimmune disease in susceptive individuals
because the overall effect of an inflammatory response is
determined by the balance between anti-inflammatory
and pro-inflammatory cytokines.

Materials and methods

Animals/diets

Timed pregnant BALB/cA BomTac mice were purchased
from Taconic Europe A/S, Ejby, Denmark. Mice were kept
in specific pathogen-free animal facilities with free access
to water and food, the temperature was 22 + 2° and light
was switched off from 18.00 to 06.00, with air changed 16
times per hour, and humidity maintained at 55 + 10%.
Mice with first-generation female offspring were divided
into two groups 7 days after delivery. One group of mice
received the gluten-containing STD altromin diet and the
other group of mice received the GF modified altromin
diet (Altromin, Lage, Germany), both diets have previ-
ously been used at the Bartholin Institute to study the
effect of a GF diet on diabetes incidence in NOD mice."*®
First-generation female offspring (n = 6), in each dietary
group, were used in the study when 6 weeks old. Both
experimental diets were nutritionally adequate with a sim-
ilar level of protein, amino acids, minerals, vitamins and
trace elements, only the protein source differed between
the two diets. The weight of the mice was followed and
growth curves were comparable between the two groups
of mice. The exact composition of the STD and the GF
diets is given in earlier papers."*® The animal experiments
were carried out with approval from The National Animal
Experimental Board, and experiments were performed in
accordance with international guidelines for the care and
use of laboratory animals.

Surface and intracellular cytokine staining and flow
cytometry

Single-cell suspensions were prepared from S, ILN, MLN,
PP and PLN from mice in each diet group. Cells from
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each organ were pooled because of the limited number of
cells obtained from PLN. Cell suspensions were separated
into two groups, one for stimulation with ionomycin
(2 pug/ml) and PMA (50 ng/ml) for 4 hr in the presence
of Golgi-stop, the rest of the cells remained unstimulated
as controls. The cells were kept in a tissue culture incuba-
tor at 37°. Then cells were pre-incubated with Fc block
CD16/CD32 (2.4G2, IgG2b; BD Biosciences, Franklin
Lakes, NJ) and stained with peridinin chlorophyll pro-
tein-conjugated rat anti-mouse CD3 monoclonal antibody
(17A2; IgG2b; BD Biosciences). Cell pellets were resus-
pended with fixation/permeabilization solution (Mouse
regulatory T cell Staining kit, cat. no 88-8111;
eBioscience, San Diego, CA) following the manufacturer’s
protocol. Fc block CD16/CD32 was added and the
labelled antibodies were added to the cells, and stained
for 30 min at 4°. We used phycoerythrin-conjugated rat
anti-mouse Foxp3 monoclonal antibody (FJK-16s, 1gG2a;
eBioscience), Alexa Fluor 488-conjugated rat anti-mouse
IL-2 (JES6-5H4, IgG2b; BD Biosciences), Alexa Fluor
488-conjugated rat anti-mouse IL-4 (11B11, IgGl; BD
Biosciences), FITC-conjugated rat anti-mouse IL-10
(JES5-16E3, IgG2b), Alexa Fluor 488-conjugated rat anti-
mouse IFN-y (XMG1.2; IgGlx; BD Biosciences), biotin-
conjugated rat anti-mouse TGF-f (A75-3; 1gG2a, x; BD
Biosciences), streptavidin (cat.no 349024; BD Biosciences)
and Alexa Fluor 488-conjugated rat anti-mouse IL-17
(17B7; IgG2a,x; eBioscience). Isotype control antibodies
were used to determine the amount of non-specific bind-
ing, and propidium iodide was used to exclude dead cells.
Cells were analysed by flow cytometry using a FACSscan
(BD Biosciences), and data were analysed using CELLQUEST
software (BD Biosciences). Cytokine expression analysis
was performed by gating according to the CD3 and
Foxp3 parameters. The results of the study are from the
PMA/ionomycin-stimulated cells because no, or very
few, cytokine-positive cells were found in unstimulated
controls.

Data analysis

Statistical analyses were performed using Ncss 2004/Gess
sTATISTICAL software, Kaysville, UT. Differences between
the diets were determined using a one-sample #-test. We
tested diet (STD versus GF) -induced differences between
non-mucosal (S, ILN) and mucosal (MLN, PP, PLN)
lymphoid compartments to determine whether dietary
gluten affects the balance of pro-inflammatory versus
anti-inflammatory cytokines in Foxp3™ Tregs as well as
Foxp3™ T cells at systemic lymphoid organs or only
locally; at mucosal lymphoid organs. Based on the
concept of the common mucosal immune system®’ we
investigated various mucosal lymphoid organs; MLN, PP,
PLN. Differences at P < 0-05 were considered statistically
significant. Only data showing substantial diet-induced

© 2012 Blackwell Publishing Ltd, /Immunology, 138, 23-33
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differences are shown in the Results section. Graphic pre-
sentation of the results was performed using the Sicma
Pror 9.0 (Systat Software, San Jose, CA) and GRAPHPAD
PRISM version 5 software (Graphpad Software, La Jolla,
CA).

Results

The proportion of IL-2" T cells was increased in mice
receiving the STD diet

The IL-2 expression within Foxp3™ T cells was signifi-
cantly higher (P < 0:05) in mucosal lymphoid tissues
(MLN, PP, PLN) in mice receiving the STD compared
with the GF diet (Fig. 1). The proportion of IL-2*
Foxp3™ T cells was on average 21% higher in mucosal
lymphatic tissue in mice receiving the STD diet than in
mice on the GF diet. No diet-induced difference was
found in non-mucosal lymphoid compartments (S, ILN).
When evaluating the proportion of IL-2* Foxp3™ T cells,
we found an average of 17% more IL-2* Foxp3™ T cells
in mice on the STD diet, both in non-mucosal (S, ILN)
and mucosal (MLN, PP, PLN) lymphoid compartments
(P < 0-01).

The STD diet increases the proportion of IL-4*
Foxp3" T cells both in non-mucosal lymphoid
compartments and in mucosal lymphoid tissues

We found an overall (S, ILN, MLN, PP, PLN) increase
(P <0-01) in IL-4" Foxp3* T cells, in mice on the STD
diet compared with mice on the GF diet (Fig. 2). The
proportion of IL-4" Foxp3™ T cells was on average 26%
higher in mice receiving the STD compared with mice
on the GF diet. No substantial differences between the
diets were found in IL-4" Foxp3~ T cells (data not
shown).

Increased proportion of IL-10" non-T cells in spleens
from mice on the GF diet

Intracellular staining for IL-10" Foxp3* T cells revealed
that these cells were present both in non-mucosal and
mucosal-associated lymphoid tissue, varying from 5-7%
in S to 16:8% in PP (gated on 100% Foxp3" CD3")
(Fig. 3). Diet-induced differences in this cell population
were not found. Moving the gate to non-T cells (CD3™
cells) we found no significant differences in IL-10" CD3~
cells, according to diet, when comparing any difference
between the mucosal lymphoid tissues (MLN, PP, PLN)
and the non-mucosal lymphoid compartments (S, ILN).
Only a marked difference between the two diets in
IL-10* CD3™ cells was observed in S. Mice on the STD
diet were found to have a low proportion (0-7%) of
IL-10" CD3~ cells, whereas mice on the GF diet had a
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> 100% increase in these cells (1-43%). We found no diet
induced differences in IL-10" Foxp3™ T cells (data not
shown).

Higher proportion of TGF-B* T cells in mice on the
GF diet

The proportion of TGF-" Foxp3"™ T cells was between
3.75%, in ILN in mice on the STD diet and 8-07% in
PLN in the GF mice (Fig. 4). Diet-induced differences
were not observed in either S, ILN or MLN. However,
mice on the GF diet had a tendency towards a higher
proportion of TGF-f" Foxp3™ T cells in PP (5-2% in
STD versus 8-1% in GF) and in PLN (4-0% in STD
versus 8:1% in GF). Interestingly, we found a consis-
tently higher proportion (P < 0-001) of TGF-f" Foxp3~
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T cells in mice receiving the GF diet. The GF mice
had more than twice as many TGF-f" Foxp3™ T cells
in all isolated lymphoid organs (S, ILN, MLN, PP,
PLN). The highest difference between the diets was
found in PP (0-3% versus 0-7%) in mice fed the STD
and GF diets.

Marked increase in IFN-y* cells in mice on the STD
diet

The proportion of IFN-y" Foxp3™ T cells was increased
(P < 0-01) in mice receiving the STD diet compared with
the GF diet, in all isolated lymphoid organs (S, ILN,
MLN, PP, PLN) (Fig. 5). The diet-induced differences
were highest in MLN and PLN. In PLN from mice on the
STD we found 12-18% cells being IFN-7" compared with

© 2012 Blackwell Publishing Ltd, Immunology, 138, 23-33
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6:98% IFN-y" cells in the PLN isolated from GF mice,
when gated on 100% Foxp3" CD3". In Foxp3™ T cells,
we also found an increase in IFN-y* cells in STD mice
(P < 0-01). The average proportion of IFN-y" Foxp3~™ T
cells in all lymphoid organs was 36% higher in STD mice
than in the GF mice. Furthermore, we investigated differ-
ences in IFN-y expression within non-T cells. The MLN
and PLN had a tendency towards a higher proportion of
IFN-y* non-T cells, although the higher proportion was
not significant when calculating on an overall mucosal
(MLN, PP, PLN) difference. In MLN, mice on the STD
diet had 2-35% IFNy* CD3™ cells compared with 1-7% in
mice receiving the GF diet. The same pattern was found
in PLN with 2-67% IFN-y" CD3™ cells in STD mice and
1-1% in GF mice.

Increased proportion of IL-17" T cells in mice on the
STD diet

The gluten-containing STD diet significantly increased
(P < 0-05) the proportion of IL-17* CD3" cells in both
non-mucosal and mucosal lymphoid compartments
(S, ILN, MLN, PP, PLN) (Fig. 6). The overall increase of
mean was 60% between the diets, with the highest diet-
induced difference in PP and PLN. Surprisingly, we found
IL-17" Foxp3* T cells in all organs. The lowest propor-
tion was found in PP in mice on the GF diet, with 2-3%
IL-17" Foxp3" T cells and the highest proportion in
MLN in mice receiving the STD diet with 7-9%
IL-17" Foxp3* T cells (gated on 100% Foxp3* CD3*
cells). Gluten induced a significant (P < 0-05) increase in
IL-17" Foxp3" T cells in mucosal lymphoid tissues
(MLN, PP, PLN), but no significant difference between
the diets was found in non-mucosal lymphoid compart-
ments (S, ILN). The proportion of IL-17" Foxp3* T cells
was on average 39% higher in mucosal lymphoid tissue

© 2012 Blackwell Publishing Ltd, Immunology, 138, 23-33

in mice receiving the STD diet than in mice on the GF
diet. When analysing the effect of the two diets we found
no substantial diet-induced differences in IL-17" Foxp3~
T cells (data not shown).

Dietary gluten alters the balance of pro-inflammatory
and anti-inflammatory cytokines in T cells

The gluten-containing STD diet induces a pro-inflamma-
tory (IL-17, IFN-y) cytokine pattern in Foxp3™ T cells in
all lymphoid tissues tested, and a decreased level of anti-
inflammatory cytokines (IL-10, TGF-f) in ILN, MLN, PP,
PLN (Fig. 7). Furthermore, dietary gluten induces a pro-
inflammatory (IL-17, IFN-y) cytokine pattern in Foxp3*
T cells and an increased level of IL-2 and IL-4 in all
lymphoid tissues tested, and a decreased level in anti-
inflammatory cytokines (IL-10, TGF-f) in S, PP and PLN.

Discussion

The present study shows that gluten intake changes the
cytokine pattern in Foxp3" and Foxp3™ T cells towards a
pro-inflammatory cytokine profile. The protective role of
a GF diet' is not associated with changes in the number
of the Foxp3® Tregs®® but could be the result of an
increase in the expression of immunosuppressive
cytokines such as TGF-f and, to a lesser extent, IL-10.
Conversely, the STD, gluten-containing diet increased
the level of potent pro-inflammatory (IL-17, IFN-y)
cytokines, as well as of IL-2 and IL-4.

The exact mechanism by which dietary gluten influ-
ences cytokine profiles in Foxp3* and Foxp3™ T cells is
not known. We have previously documented that the dia-
betes-preventive GF diet decreases the number of caecal
bacteria and is associated with quantitative changes in the
composition of the bacterial flora in NOD mice.”’
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Whether the gluten-induced changes in cytokine profiles
are mediated directly or via intestinal microflora have not
yet been clarified by gnotobiotic germ-free experiments.

In this study, based on the concept of the common
mucosal immune system” we clarify how dietary gluten
influences cytokine pattern of Foxp3™ and Foxp3™ T cells
in mucosal and non-mucosal lymphoid compartments.
PLNs, the draining lymph nodes of pancreas, are grouped
into the mucosal compartment, because mucosa-associ-
ated, f,-integrin™®" lymphocytes accumulate in early
phases of islet inflammation in the pancreas of NOD
mice.'® The mucosal character of PLNs is also supported
by recent findings’> documenting that B cells in pancre-
atic lymph nodes of NOD mice express integrin oy/f3;
and that the integrin oyf;/MAdCAM-1 mucosal adhesion
pathway is important for their migration to PLN.

Our data provide new insight into the effect of dietary
gluten on immune reactivity and have implications for
understanding the observed dietary modification of T1D
development in NOD mice." Because NOD mice are
lymphophenic and display other immune dysbalances, we
studied the effect of dietary gluten in fully immunocom-
petent BALB/c mice. Hence, we observed which immuno-
logical changes gluten exposure induces in a healthy
animal model at 6 weeks. The age of the animals was
chosen to reflect a ‘pre-diabetic time-point’ to allow later
comparison with pre-diabetic NOD mice. Our results
shed more light on immune status associated with expo-
sure to dietary gluten, that has been reported as an envi-
ronmental factor in development of T1D, both in animal

K ,1 . .
7813 and in humans.’ The results are important

models
because they illustrate how a dietary protein directly
changes the balance of pro-inflammatory and anti-inflam-
matory cytokines in T cells.

Multiple studies, both in humans and in mice, propose
a deficiency in either the function or the frequency of
Tregs, >
munity. Hence it has been tested whether a reduced num-
ber of CD4" CD25" T cells are found in patients with
T1D compared with controls. The first human study indi-
cated that this was the case,” but subsequent studies
failed to repeat these findings.*®*” CD4" CD25" T cells
from T1D patients have a reduced capacity to suppress
proliferation of co-cultured CD4" CD25~ T cells, com-
pared with controls.’®® This suggests a defective suppres-
sor function in CD4" CD25" T cells in patients with T1D
and could be a result of changes in the cytokine pattern
of the Tregs, as CD4" CD25/CD4" CD25~ co-cultures
from T1D patients produced more IFN-y, and less IL-10
than healthy controls.”® These findings are similar to our
present findings in animals receiving the STD diet, sup-
porting the notion that functional changes in Tregs could

as an explanation of development of autoim-

be involved in the susceptibility for the development of
T1D.

© 2012 Blackwell Publishing Ltd, Immunology, 138, 23-33
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The regulatory cytokines IL-10 and TGF-f} are of major
importance for mediating the suppressive activity of
Tregs.*® The importance of IL-10 is shown in studies
where the dampening of autoaggressive CD8 cells is asso-
ciated with production of IL-4 and IL-10 by Tregs.*' This
is contrary to studies showing that the regulatory func-
tion of IL-10-secreting islet-specific Tregs clones, seems to
be cell-cell contact-dependent and independent of IL-10,
as blocking of IL-10 or TGF-f had no effect on the ability
of these cells to work as suppressors.*> Other studies sug-
gest an important suppressive role for TGF-f, based on
the association between a reduction in suppression by
Tregs with blockade of TGE-$*>** and the fact that TGF-
f has a broad inhibitory effect on the entire immune sys-
tem. We observed that the GF diet significantly increases
the level of TGF-f in Foxp3™ T cells, as well as a ten-
dency towards a mucosal increase of TGF-f8 in Foxp3" T
cells. Moreover, Foxp3™ T cells in all lymphoid organs
produced IL-10, although we found no diet-induced dif-
ferences in these cells. The proportion of IL-10" Foxp3*
T cells was highest in MLN and PP, as previously
described.”” The GF diet increased the proportion of sple-
nic IL-10" non-T cells.

In our recent study we have documented that the glu-
ten-containing STD diet does not change the proportion
of Foxp3™ T cells in either mucosal or non-mucosal lym-
phoid organs of BALB/c mice.”” In this present study
we documented cytokine changes, which could reflect

© 2012 Blackwell Publishing Ltd, /Immunology, 138, 23-33

diet-induced functional changes within the Foxp3®™ T
cells. These findings may suggest that impaired regulatory
function of Foxp3* Tregs rather than their absolute num-
ber is of importance in progression to autoimmunity
(T1D). The importance of gluten exposure combined
with a defect in Foxp3™ T cells is in line with recently
published data showing that sensitization to gliadin and
partial systemic depletion of Foxp3™ T cells induces insu-
litis in the non-obese diabetic-DQ8 mice, that do not
spontaneously develop diabetes.*’

During the last years, the Th1/Th2 paradigm has
expanded, following the discovery of a third subset of Th
cells that produce IL-17 (Th17).*® They differentiate in
response to TGF-f and IL-6, and as potent inducers of tis-
sue inflammation they are associated with the pathogene-
sis of various human inflammatory conditions and
autoimmune diseases,”” including T1D.* The Th17 cells
seem more resistant to regulatory control than Thl and
Th2 cells.*® In this study we found an overall higher
proportion of IL-17* CD3" cells in mice receiving the glu-
ten-containing STD diet, with a surprising increase in
mucosal-associated lymphoid tissue (PP and PLN), where
the IL-17" CD3" cell population more than doubles. These
data are in accordance with our recent study documenting
a significantly increased proportion of CD4" IL-17"
(Th17) cells in the PLN of BALB/c mice fed an STD diet.*

The detection of IL-17" Foxp3* T cells is in line with
recently published data. It has been reported that human
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peripheral blood and tonsil contain Foxp3* Tregs with
the capacity to produce IL-17 upon activation. These cells
are possibly generated at mucosal sites during an inflam-
matory process.”> Furthermore, the presence of
Foxp3™ RORy" (a transcription factor involved in the
development of Th17 cells) T cells with the ability to pro-
duce IL-17 in the small intestinal lamina propria has been
described.** We found IL-17" Foxp3* T cells in propor-
tions ranging from 2-3% cells in PP to 7-9% in MLN.
Interestingly, we found that the proportion of
IL-17* Foxp3* T cells was affected by gluten intake, as
the STD diet increased the proportion of IL-17" Foxp3*
T cells in mucosal lymphoid tissues (MLN, PP, PLN).
Hence, gluten intake induces a functional change in
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were used. Black bars: STD diet. Grey bars:
Foxp3 GF diet. **P < 0-01.

Foxp3"'  Tregs, towards production of highly
pro-inflammatory IL-17.

Some Foxp3"™ T cells analysed were positive for pro-
inflammatory cytokines, which supports recent evidence
suggesting considerable plasticity of Foxp3" Tregs with
respect to their capacity to produce cytokines, such as
IL-17** and IFN-7.*® This is consistent with the notion
that Foxp3 may be expressed more widely and transiently
than initially conceived.”*** Contributing to the diverse
picture is the fact that human, activated T cells can
express Foxp3 although lacking regulatory function,’"
and Foxp3 induction ex vivo does not confer a regulatory
phenotype.”> Moreover, several recent studies suggest that
there is a loss of Foxp3 expression during inflammatory

© 2012 Blackwell Publishing Ltd, Immunology, 138, 23-33
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were used. Black bars: STD diet. Grey bars: GF diet. *P < 0-05.

conditions, and that low Foxp3 expression predisposes
for autoimmune diseases in mice susceptible for disease.”*
Therefore it seems that not all Foxp3"™ T cells possess a
regulatory function, either because of a lower amount, or
through unstable Foxp3 expression. It is suggested that
some Tregs, under specific inflammatory conditions,
become ‘effector-like’ T cells, likely to play an important
role in autoimmune diseases.”> This explanation could
apply for our findings of gluten-induced pro-inflamma-
tory cytokines in Foxp3™ T cells, changes that could affect
the ability of Tregs to suppress autologous effector
T cells.

The site of Tregs suppression in vivo is not limited to
lymphoid organs, and the ability of Tregs to migrate and
exert their function in inflamed tissue is important for
their function in vivo.”> Studies in murine models of T1D
indicate that Tregs exert their function within the target
organ undergoing autoimmune attack, and also in the
associated, draining lymph nodes, so it could be relevant
to test whether the observed differences in T cells are also

© 2012 Blackwell Publishing Ltd, /Immunology, 138, 23-33

present in pancreatic tissue and in intestinal lamina
propria. Furthermore, it is important to notice that the
molecular mechanism of suppression used by Tregs seems
to differ depending on being present in either lymphoid
tissue or non-lymphoid tissue.”

In summary, our study shows that the STD, gluten-
containing diet changes the cytokine pattern in both
Foxp3~ and Foxp3™ T cells towards a more pro-inflam-
matory cytokine profile with higher levels of IL-17,
IFN-y, IL-2 and IL-4. Inversely, a diabetes-protective,
gluten-free diet induces an anti-inflammatory cytokine
profile with higher IL-10 production by non-T cells in S
and a higher proportion of Foxp3™ T cells (and a tendency
of mucosal increase in Foxp3™ T cells) secreting TGF-§.

We suggest that a failure in the development of a
proper regulatory immune response to environmental
stimuli may contribute to development of T1D in geneti-
cally predisposed individuals. Certain environmental
stimuli, such as gluten, induce inflammatory changes
in T cells that negatively influence mucosal immune
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Figure 7. The overall gluten-induced changes in the cytokine pattern
in Foxp3™ and Foxp3™ T cells. (a) Foxp3™ T cells. Ratio of cytokine
positive Foxp3™ T cells, from mice on the standard (STD) diet
relative to the gluten-free (GF) diet. Dietary gluten induces a pro-
inflammatory [interleukin-17 (IL-17), interferon-y (IFN-y)] cytokine
pattern in Foxp3™ T cells in all lymphoid tissues tested, and a
deceased level of anti-inflammatory [IL-10, transforming growth fac-
tor-f (TGF-$)] in inguinal lymph node (ILN), mesenteric lymph
node (MLN), Peyer’s patches (PP), and pancreatic lymph node
(PLN). (b) Foxp3™ T cells. Ratio of cytokine-positive Foxp3™ T cells,
from mice on the STD diet relative to the GF diet. Dietary gluten
induces a pro-inflammatory (IL-17, IFN-y) cytokine pattern in
Foxp3™ T cells and an increased level of IL-2 and IL-4 in all
lymphoid tissues tested, and a decreased level in anti-inflammatory
(IL-10, TGF-p) in spleen (S), Peyer’s patch (PP) and pancreatic
lymph nodes (PLN). Inguinal lymph nodes (ILN).

homeostasis, which could affect the diabetogenic process
in the pancreas towards development of autoimmunity.
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Gluten fraction of wheat is the known triggering substance in celiac disease, a complex
inflammatory disorder, in which a lot of studies dealt with the adaptive immune
mechanisms. This is partly due to the fact, that both the triggering agent and the culprit
HLA molecules are well known (Sollid, 2002). Deamidation of gluten peptides by tissue
transglutaminase increases their binding affinity to the HLA-DQ2 or HLA-DQS8 on APCs,
thus increasing their chances to prime gluten-reactive T cells (Jabri and Sollid, 2009).
However, significantly less attention has been given to innate immune mechanisms utilized
by gluten and/or wheat proteins. Apart from the activated HLA-DQ2 or HLA-DQS8
restricted gliadin-specific T cells various cytokines such as IL-1f3, IL-6, IL-15, IL-23 are
produced by innate immune cells contribute to the pathology of the disease (Jabri and
Sollid, 2006). It has also been shown, including in our lab, that wheat gluten or gliadin
fragments cause functional maturation of dendritic cells (Nikulina et al., 2004; Palova-
Jelinkova et al., 2005).

In this study we investigated the innate signaling pathways of pepsin digest of
wheat gliadin fraction (PDWGF). Using PBMCs and monocytes from active celiac disease
patients and healthy controls, we documented significantly increased secretion of IL-1f and
IL-1a and slightly increased production of IL-18 in response to PDWGF in CD patients.
We then showed that PDWGEF leads to de novo pro IL-1P synthesis and that the follow up
processing is caspase-1 dependent. IL-1B secretion was promoted by K' efflux and
independent of P2X7. Using set of MAPK inhibitors we showed that the pro-IL-1f
synthesis is induced via the MAPK-NF-«kB pathway. Experiments on KO mice then
documented that the caspase-1 dependent induction of IL-1B also requires ASC and
NLRP3. Following the documentation of NF-kB pathway in IL- 3 we then explored the
upstream TLR signaling pathway using TLR2, 4, 2/4 as well as MyD88 and TRIF KO mice
and found the IL-1p secretion is dependent on TLR4, MyD88, and TRIF and influenced by
TLR2.
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In conclusion, we documented that pepsin digest of wheat gliadin activates innate immune
signaling via TLR2/4/MyD88/TRIF/MAPK/NF-xB and the NLRP3 inflammasome
pathways. This study on the role of innate immune mechanisms of gliadin actions is also
relevant to type 1 diabetes (Funda et al., 2008; Visser et al., 2009), in which more likely its
innate than adaptive immune mechanisms influence the development (or prevention - see

next paper) of type 1 diabetes.
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Abstract

Celiac disease (CD) is a gluten-responsive, chronic inflammatory enteropathy. IL-1 cytokine family members IL-18 and IL-18
have been associated with the inflammatory conditions in CD patients. However, the mechanisms of IL-1 molecule
activation in CD have not yet been elucidated. We show in this study that peripheral blood mononuclear cells (PBMC) and
monocytes from celiac patients responded to pepsin digest of wheat gliadin fraction (PDWGF) by a robust secretion of IL-1f3
and IL-1a and a slightly elevated production of IL-18. The analysis of the upstream mechanisms underlying PDWGF-induced
IL-1B production in celiac PBMC show that PDWGF-induced de novo pro-IL-1f synthesis, followed by a caspase-1 dependent
processing and the secretion of mature IL-1f. This was promoted by K+ efflux and oxidative stress, and was independent of
P2X7 receptor signaling. The PDWGF-induced IL-1f release was dependent on Nod-like receptor family containing pyrin
domain 3 (NLRP3) and apoptosis-associated speck like protein (ASC) as shown by stimulation of bone marrow derived
dendritic cells (BMDC) from NLRP3 /™ and ASC ™/~ knockout mice. Moreover, treatment of human PBMC as well as MyD887/
~ and Toll-interleukin-1 receptor domain-containing adaptor-inducing interferon-p (TRIF)~/~ BMDC illustrated that prior to
the activation of caspase-1, the PDWGF-triggered signal constitutes the activation of the MyD88/TRIF/MAPK/NF-kB
pathway. Moreover, our results indicate that the combined action of TLR2 and TLR4 may be required for optimal induction
of IL-1B in response to PDWGF. Thus, innate immune pathways, such as TLR2/4/MyD88/TRIF/MAPK/NF-kB and an NLRP3
inflammasome activation are involved in wheat proteins signaling and may play an important role in the pathogenesis of
CD.
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Introduction contribute to the specific response by stimulation of innate
immunity cells [3]. The activated gliadin-specific T lymphocytes
produce a spectrum of mediators and cytokines of a Thl profile,
mainly IFN-y. These mechanisms could participate in intestinal
tissue damage by contributing to the proinflammatory environ-
ment in the tissue and by activating tissue enzymes, including
metalloproteases and tissue transglutaminase [4]. Besides IFN-y,
followed by villous atrophy and crypt hyperplasia, characterize other cytokines such as IL-1B, IL-6, IL-15, IL-23 and TNF-
CD. Both innate and adaptive immune responses contribute to the

Celiac disease (CD) is an inflammatory T' cell-mediated disorder
of the small intestine caused by the gluten fraction of wheat or the
homologous proteins from barley and rye, in genetically predis-
posed individuals. An increased number of intraepithelial
lymphocytes and lamina propria cells and their activation,

o produced by innate immune cells contribute to the ongoing

onset of mucosal inflammation in CD patients [1]. Fragments of inflammation in CD [5-7].
gliadin — a major group of proteins in gluten — cross the IL-1B that belongs to the IL-1 cytokine family together with IL-
epithelium, and are presented by antigen presenting cells to the lo, T1-18, and IL-33, has been associated with the inflammatory

HLA'DQ? or .HLA-DQS-restri‘cted CD4+ o/B T lymphocytes conditions in CD patients, and was shown to control the secretion
present injejunal mucosa [2]. “Recently, other mongluten  ,r 1 93 jcading to a shift to the Th1/Th17 immune pathway [7-

components of wheat (amylase inhibitors) were reported to 9]. Production of IL-1p from inflammatory cells such as
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monocytes and macrophages requires the following steps: the
expression of the pro-IL-1f gene and the synthesis of immature
pro-1L-1P protein; the cleavage of pro-IL-1 by active caspase-1 to
yield the mature form of IL-1f; and the secretion of mature IL-1
from the cells. The generation of mature IL-1p is tightly controlled
by a diverse class of cytosolic protein complexes, known as
inflammasomes. Several different inflammasomes have been
described, of which NLRP3 and NLRPI (Nod-like receptor
family, containing pyrin domain 3 and 1) inflammasomes have
been the most intensively studied. Upon sensing danger signals,
the NLRP3 proteins oligomerize and recruit caspase-1 through the
adaptor protein apoptosis-associated speck like protein (ASC).
Subsequently, caspase-1 undergoes an autocatalytic activation that
involves the autoproteolytic processing of the 45-kDa pro-caspase-
1 into 20- and 10-kDa subunits. In turn, mature caspase-1 cleaves
pro-I1L-1B, producing mature IL-1B [10].

In macrophages and dendritic cells (DCs), two temporally
separate signals are required to yield the active proinflammatory
cytokine. The first signal involves the activation of pattern
recognition receptors [e.g. Toll like receptors (TLRs) or Nucleotide
Oligomerization Domain (NOD)-like receptors] by pathogen- and
danger-associated molecular patterns, which triggers the expres-
sion of pro-IL-1B via the NF-kB pathway [11]. Then microbial
products [e.g. muramyl dipeptide [12], bacterial and viral RNA
[13], and pore-forming toxins [14]] or endogenous signals, such as
urate crystals [15] and adenosine triphosphate (ATP) [16] as the
potential second signals, activate the NLRP3 inflammasome
complex. Although the precise mechanism leading to the
activation of NLRP3 remains largely unknown, it is proposed
that oxidative stress, lysosomal destabilization with cytosolic
cathepsin activity and potassium efflux due to the stimulation of
ATP-sensitive potassium channels, or pore formation by bacterial
toxins, converge into the activation of NLRP3 [17]. In human
monocytes, contrary to the two-step signaling system in macro-
phages and DCs, differential requirements for the activation of the
inflammasome were documented [18]. Caspase-1 is constitutively
activated in these cells; therefore, a single stimulation event
triggers the expression of pro-IL-1PB and mature IL-1B release.
The second signal is dispensable, because monocytes release
endogenous ATP after stimulation, which in turn activate the
inflammasome, and induces IL-1PB secretion through the P2X7
receptor. IL-1 production is still dependent on the inflammasome
components and modulated by K+ efflux [19,20].

In celiac patients, downstream products of NLRP3 inflamma-
some activation (such as IL-1B and IL-18) were shown to affect
Th1/Thl7 responses [7,21]. However, the mechanism of IL-18
activation has not yet been elucidated. Here, we analyzed the
production of IL-1 cytokine family members in human monocytes
and PBMC after stimulation with PDWGTF, and investigated the
upstream mechanism underlying PDWGF-induced IL-1B pro-
duction and release in the PBMC of celiac patients. In particular,
the role of the signaling molecules underlying de novo synthesis of
pro-IL-1P [especially the role of TLRs, MyD88 and Toll-IL-1
receptor domain-containing adaptor-inducing interferon-f§ (TRIF);
the role of MAPK JNK, ERK and p38 MAPK; the role of NF-xB
and the mechanisms of caspase-1 activation culminating in IL-18
production] were studied.

Materials and Methods

Abs and Reagents

Glybenclamide, KN-62, N-Acetyl-L-cysteine (NAC), quinidine
and polymyxin B were from Sigma-Aldrich (St. Louis, MO, USA).
Benzyloxycarbonyl-Tyr-Val-Ala-Asp-(OMe)  fluoromethylketone
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(2-YVAD-fmk) was from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). a-amylase inhibitor (Al) from Triticum aestioum type 1
and III were from Sigma. The p38 MAPK inhibitor SB203580,
JNK inhibitor SP600125, serine-protease inhibitor N-p-Tosyl-L-
phenyl-alanine chloromethyl ketone (TPCK) (all Sigma), and the
ERK inhibitor UO126 (Cell Signaling Technology, Danvers, MA,
USA) were dissolved in DMSO (Sigma). The FLICA Caspase-1
Assay kit was from ImmunoChemistry Technologies (Blooming-
ton, MN, USA). Anti-human IL-1 B/IL-1F2 Ab and anti-mouse
IL-1B/IL-1F2 Ab were from R&D Systems (Minneapolis, MN,
USA), while anti-human cleaved IL-1B Ab was purchased from
Cell Signaling Technology. Anti-caspase-1 (A19), anti-caspase-1
plO (C20), and anti-beta actin were from Santa Cruz Bio-
technology; anti-hTLR4-IgG(W7C11) and anti-hTLR2-IgA neu-
tralizing Ab were from InvivoGen (San Diego, CA, USA). The
following mAbs were obtained from BioLegend (San Diego, CA,
USA): PE-Cy7-conjugated rat anti-mouse CD40 (3/23), BV-421-
conjugated hamster anti-mouse CD80 (16-10A1), and Alexa
Fluor488-conjugated rat anti-mouse CD86 (GL-1). Isotype control
antibodies were from BD Biosciences (Mountain View, CA, USA)
and eFluor 625NC-conjugated hamster anti-mouse CD11c (N418)
was from eBioscience (San Diego, CA, USA).

Patients

In total, 81 subjects were enrolled in this study, including 39
symptomatic untreated patients with biopsy-proven celiac disease
and 42 healthy controls. Men accounted for 48.2% of the patients
and 51.8% of the controls. The mean age of the patients was
34.5%8.9 years; the controls had a similar age distribution.
Written informed consent was obtained from all patients and the
study was approved by the Ethics Committee of the General
Teaching Hospital, Prague.

Peptic Digest of Wheat Gliadin Fraction (PDWGF)

Peptic digest of wheat gliadin fraction (gliadin, Sigma-Aldrich,
St. Louis, MO, USA) and ovalbumin (Hyglos, Bernried am
Starnberger See, Germany) were prepared using pepsin agarose
gel (MP Biomedicals, Illkirch Cedex, France) as described
previously [22]. E-toxate test for LPS (Sigma) revealed that
PDWGTF contained less than 2 pg/ml endotoxin.

Isolation and Treatment of Monocytes and PBMC

PBMC and their fraction monocytes were isolated from the
peripheral blood of CD patients and healthy volunteers, as
described previously [23], and seeded in complete RPMI 1640
(Cambrex, East Rutherford, NJ, USA). PBMC or monocytes
(2x10°/400 pl) were incubated for 24 h in 24-well plates
(Corning, Corning, NY, USA) in the presence of PDWGF
(50, 100, 250 ug/ml). All reagents were tested by the E-toxate
test for LPS (Sigma) and shown to be below the limit of
detection (2 pg/ml). When indicated, Z-YVAD-fmk (10 uM),
quinidine (100 uM), glybenclamide (100 uM), KN-62 (10 uM),
NAC (30 mM), TPCK (25 uM), SP600125 (10 uM), SB203580
(20 uM), and UOI125 (10 uM) were added 30 min before
gliadin stimulation. KCl (50 mM) was used to increase
extracellular K+ concentration. LPS (E. coli, 0111:B4, TLR
grade; Alexis Biochemicals, Farmingdale, NY, USA) was used in
concentration of 100 ng/ml. In some cases, anti-hTLR4 and
anti-hTLR2 neutralizing Ab (10 ug/ml, Invivogen) were added
30 min before PDWGF stimulation. In experiments using PmB,
PDWGF and/or LPS was incubated with 10 pg/ml PmB for
1 h at 4°C before addition to the cells. When indicated,
PDWGF and AI were incubated with dithiothreitol (DTT,
Sigma) and subsequently alkylated with iodacetamide (Sigma-
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Aldrich) as previously described [3]. Reduced and alkylated (R/
A) PDWGF and ATI were added to celiac PBMC in
concentration of 100 pg/ml for 24 h. Cell culture supernatants
were collected and stored at —80°C.

Mouse BMDC Preparation

WT C57BL/6 and C57BL/10, as well as mice deficient for
NLRP3, ASC, IL-1R, MyD88 and TRIF (all on a C57BL/6
background) and mice deficient for TLR2, TLR4, and TLR2/4
(al on a C57BL/10 background), were bred under specific
pathogen-free conditions in the animal facilities of the Max Planck
Institute of Immunobiology and Epigenetics and the University
Freiburg Medical Center. All of the experimental procedures were
in accordance with institutional, state and federal guidelines on
animal welfare and every effort was made to minimize suffering.
The animal experiments were approved by the Regierungsprisi-
dium Freiburg and supervised by the Animal Protection
Representatives of the University Freiburg Medical Center or
the MPI. Mice were anesthetized before sacrificing with 1%
pelltobarbitalum natricum at the dose of 10 mg/kg. BMDC were
prepared from bone marrow cells obtained from the femur and
tibia in RPMI 1640 (Lonza, Basel, Switzerland) and 10% FBS
(Cambrex), supplemented with 20 ng/ml GM-CSF from a GM-
CSF expressing line. Cells (1x10° cells/ml) were washed and
recultured with fresh medium containing 20 ng/ml GM-CSF
every 3 d for 8 d. BMDC were cultured with PDWGF(100 pg/ml)
for 21.5 h, and then 2 mM ATP (Sigma) was added for an
additional 2.5 h. When indicated, Z-YVAD-fmk (10 uM) was
added 30 min before PDWGF stimulation. Cells were used for
flow cytometry analysis, or cell lysates were prepared and analyzed
by western blot. Cell culture supernatants were analyzed by
ELISA.

ELISA

The concentrations of human IL-1, IL-1a, I1.-18 and TNF-o as
well as murine IL-1p and TNF-o were measured by commercial
ELISA Duo Set Kits (R&D Systems) or ELISA MAX' kits
(Biolegend) according to manufacturer instructions.

FLICA Staining

Active caspase-1 was detected using the FLICA caspase-1 assay
kit. Briefly, human PBMC (0.5x10° cells/0.5 ml) were treated
with PDWGF (100 pg/ml) for 16 h prior to treatment with
fluorescein-labeled inhibitor Z-YVAD-fmk (10 uM) for 1 h at
37°C. Cells were washed three times and analyzed by flow
cytometry on a FACSCalibur (BD Biosciences), and the data were
analyzed using CellQuest software (BD Biosciences).

Flow Cytometry

BMDC exposed to PDWGF, LPS, or OVA were stained with
the relevant mAbs or isotype controls in a FACS bufer for 30 min
on ice. In order to reduce non-specific Fc receptor-mediated
binding, Fc block (CD16/CD32) from BD Biosciences was added
to cells prior to and during staining. Cells were acquired on an
LSR II flow cytometer (BD Biosciences) and DCs gated according
to the 'SC, SSC, and CD11c+ parameters for analysis.

Western Blotting

After treatment with Z-YVAD-fmk (10 uM), quinidine
(100 pM), glybenclamide (100 pM), KN-62 (10 uM), KCl
(50 mM), NAC (30 mM), TPCK (25 uM), SP600125 (10 uM),
SB203580 (20 uM), and UOI125 (10 uM) for 30 min, cells
(1x10% were stimulated with PDWGF (100 pg/ml) for 24 h.
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Cell supernatants were collected and cell lysates were prepared
as previously described [24]. Cell lysates, as well as cell
supernatants, were subjected to electrophoresis on a 5-20%
SDS-PAGE gradient, and then transferred to nitrocelulose
membranes for western blot analysis. After blocking with 5%
fat-free dried milk for 1 h at room temperature, the membranes
were incubated overnight with Abs raised against pro-IL-1f,
cleaved IL-1B, caspase-1, and caspase-1pl0. The membranes
were revealed by HRP-conjugated secondary Ab (Cell Signaling
Technology, Danvers, MA, USA) using the West Femto
Maximum Sensitivity Substrate (Pierce, Rockford, IL, USA).
Western blot signals were detected using the LAS-1000
(Luminiscence Analyzing System; Fuji, Tokyo, Japan) and
processed with AIDA 1000/1D image Analyzer software,
version 3.28 (Raytest Isotopenmessgeracte, Straubenhardt,
Germany). After stripping, the membranes were reprobed with
anti-actin Ab (Abcam, Cambridge, USA).

DNA Extraction

Genomic DNA was extracted from the whole blood samples of
CD patients and healthy donors using a standard salting out
protocol [25]. Finally, total genomic DNA was quantified with
a spectrophotometer, diluted at a final concentration 20 ng/pl and
stored at —20°C.

Genotyping of NALP1 and NALP3 Polymorphisms

A single nucleotide polymorphism (SNP) in NALPI
(rs12150220) and NALP3 (rs10754558) was selected. Genotyping
was performed with the 5" nuclease assay technology for allelic
discrimination using fluorogenic Tagman probes on a 7500 Fast
Real Time system (Applied Biosystems, Foster City, CA, USA).
Each SNP was analyzed by a specific Tagman SNP genotyping
assay (Applied Biosystems). Briefly, the polymerase chain reaction
(PCR) in 12 pl final volume with 20 ng of genomic DNA was
performed using the ABI 7500 Thermal Cycler. The thermal
cycle-sequencing conditions were as follows: initial denaturation at
95°C for 10 min, followed by 45 cycles of denaturing at 95°C for
15 s and annealing and extension at 60°C for 1 min. Data were
measured and analyzed using the Applied Biosystems Software
Package SDS 2.1.

Statistical Analyses

Data were expressed as mean = SD. Statistical analysis was
performed using two-tailed Mann-Whitney U test from Graph Pad
(PRISM 5.0). The statistical differences between the patient and
the control groups for the genotyping of NALP1 and NALP3
polymorphism were analyzed by the Fisher’s exact two-tailed test.
Relative risk was estimated by calculating the odds ratio (OR) and
95% confidence interval (95% CI). We applied a Bonferroni
correction for multiple comparisons in the analysis of variant allele
distributions at each SNP. A value of p<0.05 was considered to be
statistically significant.

Results

PDWGF Induces IL-1B and IL-1a Release from Celiac
Monocytes and PBMC

Gliadin digest, but not a-gliadin synthetic peptides, was found
to stimulate IL-1f production in celiac PBMC and its
monocytes fraction [7]. To investigate the underlying mecha-
nism, we first determined the production of IL-1f, together with
other members of IL-1 family, IL-18 and IL-lo. PBMC and
monocytes from active CD patients and healthy donors were
exposed to PDWGF (50, 100, 250 pg/ml). Doses of PDWGF
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correspond to the expected concentrations of gliadin in the
small intestine after a gluten-containing meal [26,27] and were
used earlier in m witro studies [7,28]. Subsequently, the secretion
of IL-1B, IL-loo and IL-18 supernatants was
evaluated. Unstimulated monocytes and PBMC from healthy
donors, as well as from celiac patients, spontancously secreted
negligible levels of IL-1B (Fig. 1A). Cells from healthy donors
slightly increased IL-1B production upon PDWGF stimulation,
while patients monocytes or PBMC strongly secreted (~2-3-fold
higher) IL-1B, even already when stimulated with 50 pg/ml. In
contrast to robust IL-1p production, we found measurable but
far lower levels of PDWGF-induced IL-18 in cells from healthy
donors and from celiac patients (Fig. 1B). Next, we tested the
production of IL-la. Celiac PBMC and monocytes secreted
significantly higher levels of IL-1a, in a dose-dependent manner
after PDWGF treatment, when compared to the cells from
healthy donors (Fig. 1C).

To exclude that the observed effect of PDWGF is due to LPS
contamination, PDWGF was preincubated with PmB for neutral-
ization of endotoxin. LPS preincubated with PmB was used as
a control. As PmB was shown to directly trigger IL-1f secretion by
activating the NLRP3 inflammasome [29], we tested the effect of
PmB on PDWGF-induced TNF-a and IL-6 secretion. Preincuba-
tion with PmB completely abrogated LPS-induced TNF-a and IL-
6 production, but had no significant effect on PDWGF-induced
TNF-a and IL-6 production by celiac PBMC (Fig. 1D).

in culture

PDWGF Induces IL-1B Production in a Caspase-1
Dependent Manner

To determine whether caspase-1 is required for PDWGF-
induced IL-1B production, we used Z-YVAD-fimk, a specific
caspase-1 inhibitor. PBMC were pretreated with Z-YVAD-fmk
(10 uM) for 30 min and subsequently stimulated with PDWGTF for
24 h. As shown in Fig. 2A, Z-YVAD-fmk reduced PDWGF-
induced IL-1B production by 70£10% in PBMC from CD
patients, but had no significant effect on PDWGF-induced IL-1o
and TNF-o production.

We further confirmed that PDWGF-induced IL-1f production
is caspase-1 dependent by western blot analysis. As shown in
Fig. 2B, celiac PBMC treated with PDWGTF for 24 h up regulated
the expression of intracellular IL-1p, followed by the secretion and
accumulation of mature IL-1B into supernatants. Caspase-1
inhibitor Z-YVAD-fmk strongly reduced the amount of the
processed form of IL-1P in cell lysates, as well as supernatants,
but had no effect on pro-IL-1 expression. In contrast, PDWGF
stimulation of PBMC from healthy donors led to weak pro-IL-18
production with no detectable mature 17 kDa IL-1B form in cell
lysates, nor cell culture supernatants.

We further showed that PDWGTF induces processing of caspase-
1 by the detection of an increased amount of the cleaved pl0
subunit of caspase-1 in the conditioned supernatants from celiac,
but not in healthy PBMC treated with PDWGF (Fig. 2C, D).
PDWGF-induced elevated levels of caspase-1 subunit pl0 were
reduced in the presence of Z-YVAD-fmk. Finally, the activation of
caspase-1 by PDWGF was determined by flow cytometry analysis,
using a cell-permeable fluorescent probe that forms a covalent link
with activated caspase-1. Our results revealed that PDWGTF alone
markedly increased caspase-1 activation in all celiac patients tested
(mean increase of 212% *73%, ranging from 52% to 515%). In
healthy donors, the PDWGF-treated cells revealed a slight in-
crease in caspase-l activation (mean increase of 30% 9%,

ranging from 8% to 59%) compared to unstimulated cells (Fig. 2
E, F).
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Figure 1. PDWGF digest induces IL-1f, IL-18, and IL-1a release
in monocytes and PBMC from CD patients. IL-1f (A), IL-18 (B) and
IL-1a (C) levels were quantified in cell supernatants by ELISA. Data are
given as mean = SD from 39 patients and 15 healthy donors (HD).
*P<0.05, **P<<0.01 (CD vs. HD). (D). PDWGF-induced activation of PBMC
is not due to LPS contamination. Results are shown as the percentage
of the cytokine production from 4 CD patients. The data were
normalized to the result from untreated cells which was set as 100%.
Mean = SD, n=4 independent experiments, ***P<0.001 compared to
untreated cells.
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Figure 2. The role of caspase-1 in PDWGF-treated PBMC. (A) Caspase-1 inhibitor Z-YVAD-fmk reduced PDWGF-induced IL-1f, but not IL-1o or
TNF-o. production. Mean = SD, n=10 independent experiments, ***P<0.001 compared to PDWGF-treated cells. (B) Western blot analysis for the
expression of pro-IL-1f and mature IL-1f and (C) for caspase-1 and caspase-1 p10 in cell lysates (CL) and cell culture supernatants (CS) from PBMC.
Representative blots from 5 independent experiments are shown. -actin was used as a loading control. (D) The fold increase (Fl) (densitometry
analysis) of the quantity of caspase-1 p10 normalized to non-activated cells. Mean =+ SD, n=5 independent experiments, *P<<0.05 compared to non-
activated cells. (E, F) Direct activation of caspase-1 in PDWGF-treated PBMC, assessed by flow cytometry using a cell-permeable fluorescent probe.
Results are shown as (E) a representative histogram from 2 CD patients and 1 HD; and (F) as the percentage of the MFI from 12 CD patients and 10
HD. The data were normalized to the result from untreated cells, which was set as 100%. Mean =+ SD, *P<<0.05 compared to untreated cells. CD, celiac

disease patients; HD, healthy donors.
doi:10.1371/journal.pone.0062426.9g002

PDWGF-induced IL-1B Secretion is Dependent on

Potassium Efflux and ROS Production

To test if PDWGF-induced IL-1PB secretion involves the
potassium efflux from cells, we exposed PBMC to a medium
containing 50 mM potassium chloride, which impedes potassium
efflux. Under this condition IL-1f secretion was markedly reduced
upon PDWGF stimulation (Fig. 3A). To confirm the effect of
potassium efflux on IL-1f induction, we treated the cells with
quinidine, a potassium channel inhibitor. Thus, we demonstrated
that qunidine (100 M) significantly decreased PDWGF-induced
IL-1B production (Fig. 3A). When glybenclamide (100 uM) —
another inhibitor of K+ efflux — was applied, a similar effect was
seen. Next, we tested if PDWGF-induced IL-1 secretion required
the P2X7 receptor. We used KN-62, a potent inhibitor of ATP-
induced P2X7 receptor activation. Pretreatment of cells with KN-
62 (10 uM) did not lead to a decrease of PDWGF-induced IL-18
production, suggesting that PDWGF may directly trigger potas-
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sium efflux, bypassing the P2X7 receptor (Fig. 3A). Moreover,
western blot analysis revealed that KCI, quinidine, and glyben-
clamide, but not KN-62, prevented IL-1f processing, as indicated
by the failure to detect 17 kD IL-1P inside cells treated with
PDWGEF in combination with KCI or quinidine or glybenclamide
(Fig. 3B).

Next, we tested if PDWGF might exert its effect on IL-1B
production, not only by inducing K+ efflux, but also by inducing
oxidative stress. PBMC were incubated for 30 min with ROS
scavenger N-acetylcysteine (NAC) and stimulated with PDWGF
for an additional 24 h. We found that PDWGF-induced mature
IL-1B secretion detected by ELISA (Fig. 3C), as well as pro-IL-1
production detected by western blot (Fig. 3D), were markedly
decreased when PBMC were stimulated with PDWGF digest
combined with NAC; thus indicating that ROS may play a vital
role in PDWGF-triggered IL-1 secretion (Fig. 3C, D).
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Figure 3. PDWGF-induced IL-1p production from celiac patient
PBMC is modulated by K+ efflux, but is independent of the
P2X7 receptor; as shown by (A) ELISA, mean = SD, n=10,
***P<0.001 vs. PDWGF-treated cells; and by (B) Western blot.
Representative blots from 5 independent experiments are shown. (C)
Inhibition of ROS modulate PDWGF-induced IL-1B secretion, mean *
SD, n=10; as well as (D) pro-IL-1B production from PBMC of CD
patients. Representative blots from 3 independent experiments are
shown. B-actin was used as a loading control. ***P<<0.001 vs. PDWGF-
treated cells.

doi:10.1371/journal.pone.0062426.9003

The Genotype Frequencies of NALP1 and NALP3
Polymorphism Among Celiac Patients and Control
Subjects

As recent studies suggested the important role of NALP1 and
NALP3 genes in the predisposition to autoimmune disorders, we
evaluated the possible association of single nucleotide polymorph-
isms (SNPs) in NLRP1 and NLRP3 genes in celiac patients and in
healthy individuals. Our data (Table 1) show a significant
difference in the frequencies of the SNP rs10754558 GG NALP3
genotype between the controls and patients. These data suggest
that the GG genotype of NALP3 gene could play a protective role
in coeliac disease (the patients group N =1, 2.5%; the control
group N =9, 21.4%). Assessment of NALP1 and NALP3 genotype
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combinations in patients and control does not confirm any
statistical difference between these two groups (data not shown).

PDWGF Digest Induces Pro-IL-1f Synthesis via the MAPK-

NF-xB Pathway

Next, we analyzed whether the NF-kB signaling pathway is
involved in PDWGF-induced IL-1B production. Celiac PBMC
were pretreated with serine protease inhibitor TPCK (25 pM) for
30 min and subsequently stimulated with PDWGF (100 pg/ml)
for 24 h. Treatment with TPCK completely abolished PDWGF-
induced IL-1B production (Fig. 4A), as well as all synthesis of pro-
IL-1B (Fig. 4B) after PDWGF stimulation, indicating that NF-kB is
a critical player during PDWGF-induced processes leading to pro-
IL-1PB synthesis and IL-1p release.

Furthermore, we tested if PDWGF-mediated phosphorylation
of MAPKSs is an upstream event leading to de novo synthesis of pro-
IL-1B. PBMC were pre-treated with an inhibitor of p38 MAPK
SB203580 (20 uM), an inhibitor of JNK SP600125 (10 pM), and
an inhibitor of ERK UOI125 (10 uM) for 30 min and then
stimulated with PDWGTF for an additional 24 h.

We found that PBMC from CD patients treated with PDWGF
in combination with every single MAPK inhibitor displayed
markedly reduced IL-1 secretion, when compared to cells treated
with PDWGF alone (Fig. 4A). Moreover, the markedly reduced
synthesis of PDWGF-induced pro-IL-18 in PBMCs treated with
PDWGF combined with every single inhibitor tested, was
confirmed by western blot analysis (Fig. 4B).

PDWGF Stimulates Secretion of IL-p in Mouse BMDC in
a Caspase-1 Dependent Manner and Requires NLRP3 and
ASC

Our studies showing that PDWGF digest stimulates caspase-1
dependent production of IL-1B in celiac PBMC, were further
extended to BMDC from mice. To analyze the role of the NLRP3
inflammasome in PDWGF-induced IL-1B release, BMDC from
WT C57BL6 mice, and NLRP3—/— and ASC—/— KO mice
were used. Since exogenous ATP was shown to be required for the
production of mature IL-1f in macrophages and DC stimulated
with TLR ligands [30], BMDC were treated with PDWGF for
21.5 h; subsequently 2 mM ATP was added for an additional
2.5 h; and IL-1B production was then determined in cell culture
supernatants by ELISA. As shown in Fig. 5A, the stimulation of
WT BMDC with PDWGF led to increased IL-1 secretion that
was markedly elevated when exogenous ATP was added. In
contrast, PDWGF and ATP-stimulated BMDC - deficient in
NLRP3 or ASC proteins — secreted very low levels of IL-1B
compared to the WI' BMDC. On the other hand, NLRP3 and
ASC molecules were dispensable for the PDWGF-induced pro-
duction of TNF-a (data not shown), indicating an unimpaired
cytokine production capacity of BMDC from these mouse strains.
Additionally, in contrast to the induction of IL-1p, flow cytometric
analysis of maturation markers (CD40, CD80, CD86) on BMDC
revealed that PDWGF and LPS (as positive control) induced
a similar increased maturation of BMDC, and that this effect was
not dependent on the inflammasome component NLRP3 (Fig. 5B).
Moreover, we found that, similar to human PBMC, treatment of
mouse BMDC with caspase-1 inhibitor Z-YVAD-fmk resulted in
a marked decrease of IL-1 production from PDWGF and ATP-
treated cells (Fig. 5C). These data suggest that PDWGI digest
induces IL-1B production through the NLRP3 inflammasome
complex, and that caspase-1 is necessary for IL-1p secretion in
BMDC.
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PDWGF Stimulates BMDC to IL-1B Production through

TLR, MyD88 and TRIF

Our data showing the involvement of MAPKs JNK, ERK, and
p38, and of the NF-kB signaling pathway in PDWGF-induced IL-
1B production from celiac PBMC (Fig. 4), led us to study upstream
TLR signaling. First, we assessed the role of the MyD88 adaptor
molecules, as well as TRIF, in the induction of IL-1B by PDWGF.
BMDC from C57BL10 WT, MyD88, and TRIF KO mice were
stimulated with PDWGF (100 pg/ml) and ATP (2 mM), as
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Figure 4. MAPK and NF-xB are involved in PDWGF mediated IL-
1p secretion. PDWGF-primed PBMC were treated with SB203580 (SB),
SP600125 (SP), UO125 (UO), TPCK, or PDWGF, alone or in combination
for 24 h. (A) IL-1B was quantified in cell supernatants by ELISA. Mean =
SD, n=5 independent experiments. ***P<0.001 vs. PDWGF-treated
cells. (B) Pro-IL-1p levels were examined in cell lysates by immunoblot-
ting from 5 experiments. -actin was used as a loading control.
doi:10.1371/journal.pone.0062426.9004
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Table 1. Genotype frequencies for NALPT (rs12150220) and NALP3 (rs10754558).
Genotype/ Control (%) Case (%) P-value OR 95% ClI
Allele n (42) n (39)
rs 12150220 AA 13 (30.9%) 10 (25.6%) 0.6252 ns ns
AT 19 (45.2%) 15 (38.5%) 0.5052 ns ns
T 10 (23.9%) 14 (35.9%) 0.4962 ns ns
A 45 (40.5%) 35 (44.9%) 0.2764 1.418 0.7634-2.6333
39 (46.5%) 43 (55.1%)
rs 10754558 cC 17 (40.5%) 16 (41.0%) 1.0000 ns ns
CG 16 (38.1%) 22 (56.4%) 0.2573 ns ns
GG 9 (21.4%) 1 (2.5%) 0.0141 0.0877 0.01501-0.731
50 (59.5%) 54 (69.2%) 0.2510 0.6536 0.3415-1.251
34 (40.5%) 24 (30.8%)
OR- odds ratio, CI- confidence interval.
doi:10.1371/journal.pone.0062426.t001

described above. We found that the secretion of IL-1B induced
by PDWGEF alone or in combination with ATP, was significantly
reduced in MyD88 and TRIF-deficient BMDC (Fig. 6A). Con-
sistently, the induction of pro-IL-1f in response to PDWGF was
abrogated in MyD88 KO BMDC and markedly reduced in TRIF
KO BMDC (Fig. 6B). In contrast, the induction and secretion of
IL-1B was not reduced in BMDC deficient in IL-1R (Fig. 6B).
These results suggest that TLR signaling is essential for pro-IL-1
induction in response to PDWGIF digest.

By analyzing PDWGF-induced IL-1f secretion in TLR2,
TLR4, and TLR2/4 KO mice, we found that the secretion of
IL-1B, induced by PDWGF, alone or in combination with ATP,
was significantly reduced in TLR4 KO BMDC and abrogated in
BMDC from mice deficient for both TLR2 and TLR4 (Fig. 6C).
Consistently, the induction of pro-IL-1B in response to PDWGF
was significantly reduced in BMDC deficient in TLR4, but not
TLR2 (Fig. 6D). On the other hand, BMDC from mice deficient
for both TLR2 and TLR4 displayed completely abrogated pro-IL-
1B production after stimulation with PDWGF, suggesting some
additional role of TLR2. The findings on PDWGF-induced pro-
IL-1B and IL-1B production in mouse BMDC were further
confirmed in a human system, as anti-TLR4 mAb substantially
reduced PDWGF-induced IL-1 release by 70% in celiac PBMC,
while anti-TLR2 mAb revealed no effect on PDWGTF-induced IL-
1B release (Fig. 6E).

Very recently, Junker e. al. [3] reported that nongluten wheat
amylase inhibitors (Al) that copurify with w-gliadins are present in
gliadin digest and can stimulate IL-8 cytokine production via
TLR4 pathway. Moreover, the highly disulfide-linked secondary
structure of Al is necessary to activate TLR4. Thus, we tested
whether wheat Al are able to stimulate IL-1f secretion in our
system. We found that AI stimulated celiac PBMC to robust
secretion of IL-1B, comparable to those induced by PDWGF
(Fig. 7). Next, we evaluated whether reduction and alkylation of Al
as well as PDWGF will affect the capacity to induce IL-1B
secretion. We found that reduction and alkylation of Al as well as
PDWGF completely abolished IL-1f secretion from celiac PBMC
(Fig. 7).

Discussion

We have shown here, in line with previous study [7], that
PDWGEF is capable of inducing robust IL-1B production by
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Figure 5. PDWGF stimulates BMDC to IL-1§ production through
NLRP3 and ASC. (A) BMDC from WT, NLRP3—/— and ASC—/— mice
were exposed to PDWGF (100 pg/ml) alone for 24 h; or first PDWGF was
added for 21.5 h, the subsequently ATP (2 mM) was added for
additional 2.5 h. IL-1f was measured in culture supernatants. (B)
Flow-cytometric evaluation of PDWGF-induced maturation assessed by
CD40, CD80, and CD86 expression on BMDC from WT and NLRP3—/—
mice. WT and NLRP3—/— BMDC were cultured with 100 ug/ml of
PDWGF (green), as well as 0.1 pg/ml of LPS (red) or 100 pug/ml of OVA
(grey-filled) as positive and negative controls, respectively. Isotype
controls are represented in black overlays. (C) Cells were preincubated
with caspase-1 inhibitor Z-YVAD-fmk for 30 min, and then exposed to
PDWGF in combination with ATP. Production of IL-1 was measured in
culture supernatants. Results are expressed as mean * SD from 4
independent experiments. The levels of significance for KO BMDC vs.
WT BMDC are indicated as follows: *P<<0.05, **P<<0.01, and ***P<<0.001.
doi:10.1371/journal.pone.0062426.g005

monocytes and PBMC in celiac patients. Moreover, we show for
the first time that PDWGI induces significantly increased amounts
of IL-lae from monocytes and PBMC in celiac patients, and
slightly elevated amounts of IL-18.
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Figure 6. TLR signaling is required for pro-IL-1p synthesis in
response to PDWGF. WT BMDC and MyD88—/—, TRIF—/—, and IL-
1R—/— KO BMDC were treated with PDWGF alone or in combination
with ATP and (A) IL-1B production was evaluated after 24 h. (B) Cell
lysates were evaluated for de novo synthesis of pro-IL-13 (C) WT BMDC
and TLR2—/—, TLR4—/—, and TLR2/4—/— KO BMDC were treated with
PDWGF alone or in combination with ATP, and IL-1B production was
evaluated after 24 h. (D) Cell lysates were evaluated for de novo
synthesis of pro-IL-1B. Data in (A) and (C) are expressed as mean * SD
from 5 independent experiments. *P<<0.05, **P<<0.01 vs. WT BMDC.
Blots in (B) and (D) are representative from 3 independent experiments.
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B-actin was used as a loading control. (E) Celiac PBMC were treated with
PDWGF alone or in combination with anti-TLR4 or anti-TLR2 Ab. IL-18
secretion was evaluated after 24 h. LPS was used as a positive control.
Mean = SD, 8 independent experiments. **P<<0.01, ***P<<0.001 vs. cells
without anti-TLR Ab.

doi:10.1371/journal.pone.0062426.g006

Next, we investigated the molecular mechanisms underlying the
PDWGF-induced production of IL-1f in celiac PBMC. In this
study we clearly document that PDWGF-induced IL-1B pro-
duction by celiac PBMC is caspase-1 dependent. Interestingly, we
observed that active caspase-1 was already present in unstimulated
PBMC and PDWGF was able to markedly increase caspase-1
activation and the processing of pro-IL-1f in celiac PBMC, in
contrast to those of healthy donors. Our data correlate with prior
findings that celiac patients display the active form of caspase-1
and mature IL-18 protein in small bowel mucosa [31]. Moreover,
we have confirmed that PDWGF-induced IL-1P release was
dependent on NLRP3 and ASC, as shown by the stimulation of
NLRP3™/~ and ASC™/~ BMDC. The role of the NLRP
molecule in the predisposition to, or progression of CD remains
unclear. Our data propose that the GG genotype of the SNP
rs10754558 NALP3 gene could play a protective role in celiac
disease. Interestingly, a similar trend has been seen in the first
study of Pontillo ef al. [32], where the G allele was protective
against the development of CD (non-significantly), but this effect
has not been confirmed in their following study [33]. However,
similarly with our observation, neither study has found any
NALPI allele/genotype association with autoimmune disease.

Next, our study illustrated that IL-1p production from celiac
PBMC is dependent on K+ efflux, since pro-IL-1B processing, as
well as secretion of IL-1B were reduced when K+ efflux was
impeded. In human blood monocytes, K+ efflux is mediated
through membrane pores formed by P2X7 molecules after
activation by autocrine released endogenous ATP [18]. Surpris-
ingly, our data did not confirm the role of the P2X7 receptor in
gliadin-induced IL-1B production in celiac PBMC, since KN-62
did not reduce either processing or secretion of gliadin-induced IL-
1B. This conflict can be explained by a two step interleukin IL-1
secretion from human PBMC through both P2X7-dependent, as
well as P2X7-independent mechanisms [34]. Our data show that
prolonged (24 h) exposure to PDWGTF, leading to elevated IL-1P
secretion, does not involve the P2X7 receptor. When we tested
PDWGF-induced IL-1f production after 3 h, the levels of IL-1
were below the detection limit, and we could not test the effect of
KN-62. On the contrary, KN-62 markedly reduced the release of
IL-1B by PBMC primed for 3 h by PDWGF and then treated with
ATP for 30 min. This data suggests that the early release of
PDWGF-induced IL-1B might be mediated via P2X7 receptor
(data not shown).

We have further demonstrated that NF-kB is a critical player
during the PDWGF-induced processes leading to pro-IL-1
synthesis and IL-1 release in celiac PBMC. Moreover, we show
that in addition to NF-kB, MAPK pathways orchestrate PDWGT-
induced de novo synthesis of pro-IL-1B in celiac cells. These data
are in line with our previous studies showing that pepsin digest of
gliadin triggers the activation and maturation of human DCs and
PBMC via NF-xB and the p38 MAPK pathway [23,35].

The nature of the receptors engaged by gliadin digests as well as
gliadin peptides (or other wheat components) responsible for
mediating innate immunity remains to be clearly identified.
Gliadin is a complex protein containing multiple epitopes that
exert cytotoxic, immunomodulatory and intestinal permeability
effects. Some gluten-derived peptides elicit T-cell specific re-
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Figure 7. Reduction and alkylation (R/A) of PDWGF led to
abrogated IL-1p production. PDWGF as well as a-amylase inhibitor
(non-treated or R/A treated) were added to celiac PBMC. IL-1f3 secretion
was evaluated after 24 h. Results are shown as the percentage of the
cytokine production from 5 CD patients. The data were normalized to
the result from PDWGF-treated cells which was set as 100%. Mean *+
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doi:10.1371/journal.pone.0062426.g007

sponses, while some other “non-immunodominant” gliadin de-
rived peptides stimulate innate immunity response in the gut [36—
39]. The chemokine receptor CXCR3 was shown to serve as
a receptor for specific gliadin peptides that cause zonulin release
and subsequent increase in intestinal permeability [40]. Next,
MyD88 was shown to be involved in gliadin-induced inflamma-
tory cytokine production in mouse macrophages [6]. In our study,
PDWGF-induced IL-1B production was strongly dependent on
MyD88, and to certain extend on TRIF, which suggests that
components of gliadin digest could induce signaling via TLR
receptors. As LPS contamination was ruled out in our study, it
seems that the stimulatory effect of our gliadin preparation is
caused by proteins. In mouse models, TLR2 and TLR4 were not
identified as a component of gluten or gliadin-induced signaling
pathway [6,41]. On the other hand, very recently, Junker et al., [3]
reported that activation of innate immune responses by pepsin
trypsin gliadin digest is due to wheat amylase trypsin inhibitors
CM3 and 0.19 that signal via TLR4/CD14 complex. Moreover,
the highly-disulfide linked secondary structure of amylase trypsin
inhibitors is very important for activation of TLR4. Here, we
documented that reduction of our PDWGF led to completely
abrogated capacity to stimulate IL-1B production in PBMC. It
suggests that amylase trypsin inhibitors may be present in our
PDWGEF and they may orchestrate in IL-1 production. We also
documented that BMDC from TLR2—/— mice produced slightly
reduced IL-1B levels, whereas BMDC from TLR4—/— mice
displayed significantly decreased IL-1B levels after the PDWGF
triggering. Interestingly, cells deficient for both TLR2 and TLR4
displayed completely abrogated IL-1f production, indicating that
the combined action of TLR2 and TLR4 may be involved in
PDWGT signaling. Notably, the combined action of the two TLRs
was shown to be required for sensitization to contact allergens in
a murine model of allergic contact dermatitis [42], and for the
regulation and tissue repair in bleomycin-induced mouse tissue
injury [43]. Our murine data, suggesting a role of TLR in the
signaling pathway underlying IL-1f production, was confirmed in
humans using anti-TLR4 Ab that markedly reduced PDWGF-
induced IL-1B in celiac PBMC. The possible role of TLR
involvement is supported by the fact that celiac patients were
found to have higher expression of TLR2 and TLR4 molecules in
intestinal tissue [44]. Moreover, they exhibited a higher prevalence
of TLR2 and TLR#4 positive blood DCs and monocytes compared
to controls [45]. In contrast, recently other group [46] reported

April 2013 | Volume 8 | Issue 4 | 62426



decreased levels of TLR receptors in the small intestinal biopsies of
celiac patients.

However, as we did not observe a complete inhibition of TLR
signaling using the anti-TLR4 antibody in PBMC, it is plausible
that also here TLR2 and/or other signaling molecules may be
involved in the activation of human cells in response to PDWGTF.

In conclusion, in accordance to recently published study [3], our
findings suggest that PDWGF does not only contain T cell
epitopes, but also other wheat components that could play a role
as adjuvants activating the innate immune system via TLR2/4,
ROS, and the NLRP$ inflammasome. In addition, T cell and NK
cell responses through IFN-y were shown to strongly potentiate the
pro-inflammatory activity of TLR ligands [47]. Both mechanisms
may be involved in the pathogenesis of wheat allergy as well as

CD.
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Funda DP, Fundovéd P, Hansen AK, Buschard K. Prevention or Early Cure of Type 1
Diabetes by Intranasal Administration of Gliadin in NOD Mice. PLoS One, 2014;
9(4):e94530. IF (2015) = 3.057

Dietary gluten or wheat proteins are among known environmental factors that modify type 1
diabetes incidence in the spontaneous animal models (Scot, 1996; Funda et al., 1999; Hansen
et al., 2014). Interestingly, the increased association of T1D and celiac disease points not
only to the shared risk HLA antigens but also to the diet, as patients diagnosed with both
celiac disease and T1D usually develop diabetes first and not vice versa (Cosnes et al., 2008),
suggesting beneficial effect of gluten-free diet also in humans. Several human trials with
intranasal or oral administration T1D autoantigens such as insulin or GAD65 have so far
failed to show protective effects (Hanninan and Harrison, 2004; Fousteri et al., 2007).

In this study we explored whether, mucosal, intranasal administration of gliadin or
gluten may prevent development of diabetes in NOD mice. We showed that i.n.
administration of gliadin, but not gluten, at age of 4 weeks led to significant decrease of
diabetes incidence in NOD mice fed a standard gluten-containing diet. Interestingly, this
intervention was less but still statistically significantly preventing diabetes when applied to
13-week-old NOD mice, just before clinical manifestation of the disease. Following the i.n.
administration of gliadin or OVA we then assessed proportions of Tregs and their cytokine
signatures in both mucosal (NALT, MLN, PLN) and control, systemic lymphoid organs
(spleen, inguinal lymph nodes). There was a clear mucosal induction - at the site of the
application, i.e. in the NALT, and in the MLNs and PLNs, of CD4"Foxp3" T cells and even
more significant increase of yd T cells after i.n. gliadin administration. This distribution
well corresponds with the concept of the common mucosal immune system (Mestecky,
1987). Increased induction of IL-10 and decreased proportion of IL-2, IL-4 and IFN-y in
CD4"Foxp3" Tregs, as well as decreased proportion of IFN-v in y& T cells was observed
after i.n. gliadin in preferentially mucosal lymphoid organs.

Interestingly, there is evidence for regulatory role of mucosal yd T cells in T1D as
intranasal aerosol application of the whole insulin molecule also led to induction of CD8+
vd T cells that were capable of preventing T1D in the adoptive co-transfer model (Harrison
et al., 1996). We have also shown increased proportion of mucosal yd T cells in relation to

the effect of the diabetes-preventive, gluten-free diet (Antvorskov et al., 2012).

o1



The effect of i.n. gliadin is not however due to induction of specific tolerance. The
NOD mice were fed gluten containing diet and at 4 weeks of age have already had well-
established oral tolerance to gliadin, as even short or single oral exposure is sufficient for
induction of oral tolerance (Strobel and Mowat, 1998). We suggest that perhaps innate
immune properties of gliadin may be responsible for the diabetes preventive effect. Similar
to prolonged or no exposure to LPS, both gluten-free and gluten-enriched diets prevented
diabetes in NOD mice (Funda et al., 2008). In conclusion, intranasal application of gliadin,
an environmental antigen that may have an etilogocal influence in T1D, represent a novel

and safe approach for prevention or even early cure of T1D.
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Abstract

Induction of long-term tolerance to B-cell autoantigens has been investigated both in animal models and in human type 1
diabetes (T1D) in order to prevent the disease. As regards external compounds, the dietary plant protein fraction has been
associated with high penetrance of the disease, whereas gluten-free diets prevent T1D in animal models. Herewith we
investigated whether intranasal (i.n.) administration of gliadin or gluten may arrest the diabetogenic process. l.n.
administration of gliadin to 4-week-old NOD mice significantly reduced the diabetes incidence. Similarly, the insulitis was
lowered. Intranasal gliadin also rescued a fraction of prediabetic 13-week-old NOD mice from progressing to clinical onset of
diabetes compared to OVA-treated controls. Vaccination with i.n. gliadin led to an induction of CD4*Foxp3™ T cells and even
more significant induction of yd T cells in mucosal, but not in non-mucosal lymphoid compartments. This prevention
strategy was characterized by an increased proportion of IL-10 and a decreased proportion of IL-2, IL-4 and IFN-y-positive
CD4 Foxp3™ T cells, and IFN-y-positive y8 T cells, preferentially in mucosal lymphoid organs. In conclusion, i.n. vaccination
with gliadin, an environmental antigen with possible etiological influence in T1D, may represent a novel, safer strategy for
prevention or even early cure of T1D.
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Introduction

The incidence of type 1 diabetes mellitus (T'1D) has been
rapidly increasing during the past decades [1]. In humans, the
autoimmune process is prolonged as clinical onset of the disease
does not occur until approximately 80% or more B cells are
destroyed [2] leaving a time window of opportunity for
therapeutical or preventive intervention in prediabetic individuals.
In animal models of T'1D, mucosal administration of B-cell related
autoantigens is a well-established strategy for disease prevention by
induction of islet-specific T regulatory cells (Tregs) that may
prevent the autoimmune aggression locally by mechanism of
bystander suppression [3]. Several B-cell autoantigens, defined
rather by occurrence of autoantibodies than T cell specific
immunoreactivity exclusive for T1D patients, have been used for
prevention of T1D by mucosal (oral, intranasal) administration.
Mucosal administration of insulin [4,5] or GAD [6], GAD65
peptide [7] as well as proinsulin or insulin peptides [8,9] has led to
prevention of T1D in animal models. Several of the autoantigens
have been used in recent human trials, but at present, there is no
established prevention strategy available for human T1D [10,11].

Studies in both NOD mice and BB rats have documented that
TID is a diet-influenced disease. Wheat flour is an essential
component of diabetes-permissive, non-purified diets and purified
diets based on hydrolyzed casein, lactalbumin or amino acids
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prevented development of diabetes in NOD mice and BB rats [12—
14]. We and others have documented that a non-purified, gluten-
free diet highly prevents development of diabetes in NOD mice
[15,16].

The diabetogenic role of gliadin is also implicated by a more
frequent clinical association of T1D and celiac disease. Although
celiac disease and T1D share similar risk HLA antigens, patients
diagnosed with both celiac disease and T1D wusually develop
diabetes first and not vice versa [17]. Patients with celiac disease
have an earlier onset of T1D [18] and there is also one report of
enhanced T reactivity to gluten in newly diagnosed type 1
diabetics [19]. Early introduction of dietary gluten was reported to
increase the risk of developing islet autoantibodies in children [20].
Gluten-free diet also induces changes in the gut microbiota of
NOD mice [21]. These observations suggest an etiological role for
gliadin in T1D.

Using the NOD mouse model, we investigated the effect of
intranasal (i.n.) administration of gluten or gliadin at the age of 4
weeks on development of insulitis and clinical onset of diabetes.
We tested whether in. vaccination may rescue animals from
developing diabetes when applied just before clinical onset of
diabetes at the age of 13 weeks. We also investigated whether this
1.n. prevention strategy leads to induction of potentially regulatory
T cells and changes in their cytokine profiles.
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Figure 1. Intranasal (i.n.) administration of gliadin decreases diabetes incidence in NOD mice. A statistically significant decrease in
diabetes incidence was found in NOD mice treated with gliadin (red square) compared to OVA (blue circle), *p=0.001 or PBS (black triangle),
#p=0.008 controls, whereas no diabetes-protective effect was found in gluten-treated (green square) group. The gliadin-treated group displayed
decreased diabetes incidence (8p =0.029) also compared to gluten-treated (closed circle) NOD mice. Results are representative of three or two

(gluten) independent experiments.
doi:10.1371/journal.pone.0094530.g001

Methods

Ethics statement

All animal experiments were carried out according to the
principles of the EU directive 86/609, NIH publication no. 85-23
(revised 1985), and the national animal experimentation act. The
study was approved by the National Animal Experimentation Board
under the Danish Government Ministry of Food Affairs according to
EU directive 86/609, license number 2007/561—1434-C3.

Animals

NOD/BomTac mice were obtained from Taconic Europe A/S,
Ry, Denmark and kept under barrier-protected conditions
according to the FELASA guidelines [22]. The mice had free
access to acidified drinking water and were fed standard Altromin
1324 diet (Altromin, Lage, Germany).

Reagents and antibodies

Crude wheat gluten and ovalbumin (OVA) were obtained from
Sigma (Sigma, St. Louis, MO), while gliadin was from Fluka
(Sigma). Phorbol myristate acetate (PMA) and ionomycin were
purchased from Sigma. The following monoclonal antibodies
(mAbs) as well as isotype controls were purchased from BD
Biosciences (BD Biosciences, Mountain View, CA): Alexa Fluor
488-conjugated rat anti-mouse IL-2 (JES6-5H4, IgGyy,), IL-4
(11B11, IgGy), IFN-y XMG1.2, IgG,), FITC-conjugated rat anti-
mouse IL-10 (JES5-16E3, IgGy,) and CD8 (53-6.7; IgG2a,k),
PerCP-Cy5.5-conjugated hamster anti-mouse CD3 (145-2C11;
IgG1l,x), rat anti-mouse CD4 (RM4-5; IgG2a,x), CD8 (53-6.7;
IgG2a,x) and PE-conjugated hamster anti-mouse Yy T cell
receptor (GL3; IgG2,x) mAbs. Mouse Treg staining kit
Cat.No. 88-8111, PE-conjugated rat anti-mouse Foxp3 mAb
(FJK-16s; 1gG2a,x) and FITC-conjugated rat anti-mouse CD4
mAb (RM4-5; 1gG2a,x) were from eBioscience (eBioscience, San
Diego, CA). The anti-mouse CD4 mAb (BD Biosciences) was used
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in combination with intracellular cytokine staining using Cytofix/
Cytoperm kit (BD Biosciences), while the anti-mouse CD4 mAb
(from the eBioscience kit no. 88-8111) was used when detecting
Foxp3*CD4" T cells (with no prior PMA inomycin stimulation) by
using the Treg staining kit 88-8111.

Intranasal immunization and monitoring of diabetes

Non-anesthetized 4-week-old NOD female mice (n=16 per
group) were intranasally (i.n.) given 50 pg of OVA, gliadin, and/or
gluten in a total volume of 10 ul (5 pl per nostril). Gliadin, gluten as
well as OVA were dissolved in acidified (0.2% acetic acid) saline
solution. Animals were immunized 5 times every other day. Five
animals per group at the age of 13 weeks were used in separate
experiments for insulitis scoring. NOD mice kept in our facilities
start to progress to clinical onset of diabetes (>12 mmol) at the age
of 14-15 weeks. Thus, at the age of 13 weeks these NOD mice have
most of their islets affected by various stages of the mononuclear
infiltrate, i.e. autoimmune aggression against B-cells. In order to test
whether 1n. gliadin vaccination may prevent diabetes also in
animals with advanced autoimmune reaction against B-cells, in.
gliadin was tested in 13-week-old prediabetic NOD mice (n = 20 per
group). For diabetes incidence studies, 16 to 20 mice per group were
monitored for 210-240 days. NOD mice were inspected daily for
diabetes and from 10 weeks of age screened weekly for glycemia
with Glucometer FreeStyle mini (Hermedico, Brendby, Denmark).
Diagnosis of diabetes was based on two consecutive positive blood
glucose readings >12 mmol/l during three days.

Histology and insulitis scoring

Insulitis scoring was performed on hematoxylin & eosin stained
pancreata from non-diabetic NOD females (n = 5) at the age of 13
weeks; the age at which non of the animals progressed to clinical
onset of diabetes in our SPF animal facility, while in control groups
majority of islets were affected by some presence of mononuclear
infiltrate (insulitis grades 1-4). One half of the pancreata was fixed
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Figure 2. Intranasal administration of gliadin but not gluten
prevented development of insulitis in NOD mice. (A) Insulitis was
assessed by histological examination at 13 weeks of age before clinical
onset of diabetes. The five grades (0-4) for insulitis scoring are
described in the Research Design and Methods. Five mice per group
and a minimum of 25 islets/mouse were scored and this experiment
was carried out independently of diabetes incidence studies. (B)
Photomicrographs of H&E stained histological specimens documenting
an example islet of grade level 0 (a), 4 (b) and 3 (c) used for insulitis
scoring. Example photomicrographs of grade level 0 (a), 4 (b) and 3 (c)
are from 13-week-old NOD mice treated with gliadin, OVA, and gluten,
respectively. Scale bars: 100 um.
doi:10.1371/journal.pone.0094530.9g002

in 4% formaldehyde, embedded in paraffin, cut in 5 pm sections
and stained with hematoxylin & eosin for insulitis scoring. The
grades for insulitis scoring were as follows: 0, normal islet; 1, intact
islet with few scattered mononuclear cells in the surroundings; 2,
peri-insulitis; 3, insulitis (<50% of the islet infiltrated); 4, severe
insulitis (>50% of the islet infiltrated). A minimum of 25 islets
were scored for each mouse and this experiment was carried out
independently of diabetes incidence studies. Data are expressed as
average percentage of islets affected by the 5 (0—4) insulitis grades
(percent of islets) calculated from 5 animals per group.

Flow cytometry

Single cell suspensions of 8-week-old, normoglycaemic animals
were prepared from the following mucosal lymphoid tissues: the
nasal-associated lymphoid tissue (NALT), pancreatic lymph nodes
(PLN), and mesenteric lymph nodes (MLN). Spleens (S) and
systemic (inguinal) lymph nodes (ILN) were used as non-mucosal
controls. For detection of Foxp3*CD4" Tregs, intracellular
staining for Foxp3 was carried out using the Treg staining kit
88-8111 (eBioscience) following the manufacturer procedure.
When detecting intracellular cytokines, isolated cells were stimu-
lated in vitro with a mixture of PMA (25 ng/ml) and ionomycin
(1 pg/ml) in RPMI-1640, 10% FCS for 4 hours at 37°C, 5% CO,
in the presence of Golgi Stop (Cytofix/Cytoperm kit, BD
Biosciences) before subsequent staining for selected surface and
intracellular markers. Titration experiments were performed to
determine optimal lengths (1-6 hours) and concentrations of
PMA/ionomycin stimulation. Unstimulated cells cultured in the
presence of Golgi Stop were used as controls. For surface staining,
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cells were incubated in FACS buffer with relevant mAbs for 30
minutes on ice. Fc block (CD16/CD32) was from BD Biosciences.
For intracellular staining of cytokines, live cells were first stained
for surface markers, then fixed/permeabilized with the Cytofix/
Cytoperm kit following the manufacturer procedure. No differ-
ence in the staining was observed when comparing sequential
versus one step procedure. Thus, anti-Foxp3 and an anti-cytokine
mAbs were added in a single incubation step. Cells from OVA-
and gliadin-treated mice were prepared, stained and measured on
the same day. Cells were then analyzed by flow cytometry using a
FACSscan (BD Biosciences), and data were analyzed by use of
CellQuest (BD Biosciences), WinMDI 2.8 and/or FlowJo
(TreeStar) software. Only very few cytokine-positive cells were
detected in unstimulated controls. Isotype control antibodies were
used to determine the amount of non-specific binding, and
propidium iodide was used to localize and assess proportion of
dead cells prior their fixation/permeabilization.

Statistics

The cumulative diabetes incidence was assessed using the
Kaplan-Meier estimation and contingency tables. Log-rank test
and Chi-squre test were used for comparisons between groups.
Other results are expressed as mean *SEM, and the level of
significance (p<<0.05) was assayed by two-sample analysis (unpaired
t-test) or ANOVA followed by the Bonferroni multiple comparison
test (comparison of multiple groups in insulitis scoring).

Results

I.n. administration of gliadin leads to reduced diabetes
incidence in NOD mice

As shown in Fig. 1., five intranasal administrations of gliadin
(50 pg) to 4-week-old NOD females significantly decreased the
diabetes incidence to 56% in comparison to mice treated with
OVA with a diabetes incidence of 100%, p=0.001 (by log-rank
test) and to PBS-treated controls (94%, p = 0.008). There were no
substantial differences in the development of diabetes incidence
between the phosphate-buffered saline (PBS) and OVA-treated
control groups. L.n. administered wheat gluten consisting mainly of
glutenins and gliadins and thus comprising the gliadin fraction,
although in smaller amounts, had no effect on the diabetes
incidence (81% at 210 days) compared to PBS and OVA controls
(Fig. 1). The difference in diabetes incidence between the gluten
(81%) and gliadin (56%) treated groups was again statistically
significant at p=0.029 (by log-rank test). Additionally, we
mvestigated a more intense 1.n. application scheme in which the
five intranasal application of gliadin (50 ug) every other day were
first applied to 4-week-old NOD mice and then repeated 2 times
more, each time with a 10-day break interval. However, this high-
frequency scheme of i.n. gliadin resulted in no significant diabetes
prevention in NOD mice (data not shown) and is in accord with
data from a mathematical model of NOD mice published by
Fousteri G. et al. [23] in which high-frequency i.n. immunizations
also failed in simulated disease protection. We also tested whether
i.n. administration of gliadin leads to induction of tolerance but
found no differences among the gliadin, OVA (and PBS) in.
treated groups of mice in serum anti-gliadin IgG after s.c.
immunization with gliadin in CFA as well as in cytokine recall
responses (IFN-y IL-5 and IL-10) after in vitro restimulation of
MLNSs suspensions (data not shown).

Reduction of insulitis by i.n. administration of gliadin

Insulitis scores from 13-week-old NOD female mice are
overviewed in Fig. 2. Gliadin-treated NOD females (insulitis score
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While control OVA-treated mice display 100% diabetes incidence, only 75% gliadin-treated littermates progressed to the disease at 240 days.

doi:10.1371/journal.pone.0094530.g003

1.44£0.11) revealed statistically significant, less destructive insu-
litis compared to OVA (2.44%*0.11, p<0.001) and PBS
(2.36%0.10; p<<0.001), but also to gluten (2.55%0.09; p<<0.05)
treated groups (Fig 2A). There were no significant differences
among the gluten-treated and control (PBS, OVA) groups. Thus,
in accord with the diabetes incidence data, insulitis scoring
indicated a significant beneficial effect of gliadin on islet
preservation. Animals used for insulitis scoring were from time
different in. experiment. Fig. 2B illustrates examples of three
different grades used for insulitis scoring.

I.n. gliadin reduces diabetes incidence even in 13-week-
old NOD mice just before the clinical onset of diabetes

Five i.n. administrations of gliadin to prediabetic NOD females
at the age of 13 weeks decreased the diabetes incidence compared
to OVA-treated controls (p=0.017, contingency tables and Chi-
squre test, Fig. 3). Thus, i.n. administration of gliadin could rescue
a small, but statistically still significant, proportion of the animals
from progressing towards manifestation of the disease with
glycemia values still below 12 mmol, in spite of a high degree of
autoimmune infiltrate and damage present at this age in endocrine
pancreata of NOD mice.

I.n. administration of gliadin increases number
CD4*Foxp3* T cells in mucosal but not in non-mucosal
lymphoid organs

I'n. administration of gliadin to NOD mice led to increased
number of CD4'Foxp3* T cells at 8 weeks of age. Increased
proportion of these cells was gliadin-specific in comparison with the
i.n. administered control protein - OVA at the site of the antigen
administration - in the NALT and in the mucosal draining lymph
nodes of the pancreas — PLN, and MLN. Thus, an increase of
CD3*CD4'Foxp3™ cells was found in NALT (p=0.013), MLN
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(p=0.014) and PLN (p = 0.019) after i.n. gliadin vaccination (Fig. 4A).
These data are significant also when expressed as proportion of CD4*
helper T cells NALT, p=0.019; MLN, p=0.011; PLN, p = 0.049),
(Fig. 4B and C). Interestingly, the in. gliadin-mediated increase of
Foxp3" T cells was not found in other non-mucosal lymphoid organs
such as spleen and control systemic ILN (Fig. 4).

l.n. administration of gliadin leads to increased numbers
of y8 T cells in mucosal but not in non-mucosal lymphoid

organs

Ln. administration of gliadin to NOD mice led to a mucosal-
specific accumulation of 8 T (CD3") cells at the age of 8 weeks.
Thus i.n. gliadin led to a substantially increased frequency of y8 T
cells in NALT (p=0.004), MLN (p =0.004), and PLN (p=10.001),
but not in non-mucosal lymphoid organs such as spleen and ILN
compared to OVA-treated controls (Fig. 5A and B). The increased
frequency of y& T (CD3-gated) cells was found both within the
CD8 v T cell subset (NALT, p=0.027; MLN, p=0.013; PLN,
p=0.001) as well as in ¥ T cells expressing CD8 marker (NALT,
p=0.002; MLN, p=0.008; PLN, p=0.007) (Fig. 5C and D). In
gliadin-treated NOD mice, there was a shift towards increased
proportion of CD8" v T (CD3") cells at the site of the
immunization - the NALT and MLN. On the other hand, a
relatively higher proportion of CD8 y8 T (CD3") cells was detected
in the draining lymph nodes of pancreas - the PLN (Fig. 5C and D).

Cytokine profiles of CD4*Foxp3* and v8 T cells after i.n.
administration of gliadin in mucosal and non-mucosal
lymphoid organs

ILn. administration of gliadin is associated with increased
amount of IL-10 and decreased amount of IL.-2, IL.-4 and IFN-y
in CD4"Foxp3™ T cells, preferentially in mucosal lymphoid organs
in 8-week-old NOD mice. Following PMA/ionomycin stimulation
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in vitro, an increased number of IL-10 positive CD4 Foxp3™ cells
was found both in MLN (p<<0.01) and PLN (p<<0.05), but also in
non-mucosal ILN (p<<0.05) of the gliadin-treated NOD mice at
the age of 8 weeks (Fig. 6B and C). On the other hand,
CD4"Foxp3™ T cells from the gliadin-treated group displayed
lower potential to produce 1L-4 (MLN, p<<0.001; NALT, p<<0.05),
IL-2 (ILN, p<<0.01; NALT, p<<0.05), and IFN-y (MLN, p<<0.05;
PLN, p<0.05; NALT, p<<0.05) (Fig. 6A, D and E). Only very few
cytokine-positive cells were detected in unstimulated controls
(example data in Fig. 6F). The most consistent difference was
observed in the IFN-y production of GD4*Foxp3* T cells that was
significantly reduced in all the mucosal lymphoid organs studied,
including the pancreatic draining PLNs (Fig. 6E).

Within the CD4'Foxp3~ subset of T cells, only a small
percentage of cells was positive for IL-4, IL-10 and IFN-y.
Substantially more CD4Foxp3~ T helper cells were positive for
IL-2 and a significantly increased number of IL-2 producing
CD4'Foxp3™ T helper cells was detected in all organs studied
(Fig. 6D). IL-10 positive CD4"Foxp3~ T cells were also more
frequent in all studied organs except for NALT in the gliadin-
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treated group (Fig. 6B and C). A decreased amount of IL-4 was
found in all mucosal (MLN, p<<0.05; PLN, p<<0.01; NALT, p<
0.05) lymphoid tissues of gliadin-treated mice, whereas IFN-y was
increased in spleen (p<<0.01) and MLN (p<<0.05), (Fig. 6A and E).
Almost no IL-2 and IL-4 positive Y8 T cells were detected after
in vitro restimulation with PMA and ionomycin (data not shown)
regardless of the in. treatment. Although in. gliadin led to
significantly increased induction of Y8 T (CD3") cells in all studied
mucosal lymphoid organs (Fig. 5), ¥ T cells displayed no
substantial differences in positivity for IL-10 as regards the in.
treatment with gliadin and OVA (Fig. 7C). Diabetes-preventive
in. administration of gliadin was associated with a decreased
number of IFN-y positive ¥ T cells in MLN (p<<0.05) and a
similar tendency was observed in their PLN (Fig. 7A and B).

Discussion

We have shown that five intranasal administrations of 50 pg
gliadin in 4-week-old NOD mice significantly reduce penetrance
of diabetes as well as the level of insulitis. This gliadin treatment
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was accompanied by an increase of CD4"Foxp3 T cells and much
higher increase of yd T cells in mucosal lymphoid compartments.
Moreover, in. gliadin can even rescue a small fraction of
prediabetic 13-week-old NOD mice (with a high degree of
insulitis) from progressing to clinical onset of the disease. Thus,
in this study an environmental antigen, closely related to the
development of T1D, has been successfully applied in the disease
prevention.

Prevention of T1D in NOD mice by i.n. gliadin was associated
with an increased proportion of CD4 Foxp3* and even more
significant increase of y8 T cells specifically in the mucosal
lymphoid compartments, but not in systemic lymphoid organs
such as spleen and ILN (Fig. 4 and 5). Thus, these cells were found
at the site of the i.n. application (NALT) at the draining lymph
nodes (PLN) of the target organ, the pancreas, as well as in gut
draining mucosal lymph nodes, MLN. This distribution pattern
supports the concept of “common mucosal system” [24]. The
increase of y8 T cells and Foxp3* Tregs specifically in the
pancreatic-draining PLN and also in MLN, in which priming of
diabetogenic cells has been reported [25], points to possible
mechanism of bystander suppression [26]. The increased propor-
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tion of IL-10 in Foxp3" Tregs, preferentially within the mucosal
compartment, and a decrease of IFN-y in both Foxp3* Tregs and
vS T cells after i.n. gliadin (Fig. 6 and 7) are in accord with the
previously reported role of IL-10 cytokine produced by disease
protective Tregs [5,26,27].

It has been suggested that a deficiency of Tregs could be
associated with T1D development, and defective suppressor
function in CD4"CD25% T cells was reported in T1D patients
[28,29]. Although we found increased proportions of both Foxp3*
and yO T cells after i.n. gliadin, the effect on y8 T cells seems to be
substantially larger. y& T cells are not generally considered as a
typical Treg subset, however there are several lines of evidence for
their involvement and even regulatory role in T1D [5,30-32]. We
have documented that NOD mice display an increased proportion
of 8 T cells at onset of diabetes [33]. v3 T cells specific for insulin
peptide B:9-23 were also reported in NOD mice [34]. On the
other hand, 8 T cells play an important role in induction and
maintenance of oral tolerance [35]. It has been shown that in the
neonatal thymectomy NOD model of T1D, gut intraepithelial
CD8*Y8 T cells can prevent development of diabetes, and proper
development of intraepithelial y8 T cells is required for induction
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Figure 6. Cytokine profiles of CD4'Foxp3* and CD4"Foxp3- cells after i.n. administration of gliadin. Frequency of cytokine-positive cells
in mucosal (NALT, MLN, PLN) and non-mucosal compartments (Spleen, ILN) after 4 hours unspecific in vitro restimulation with PMA/ionomycin is
shown in panel A (IL-4), B (IL-10), D (IL-2) and E (IFN-y). Left panels display cytokines expression in CD4"Foxp3™ and right panels in CD4"Foxp3™ cells.
(C) Example FACS analysis of IL-10 expression within CD4*Foxp3* (Spleen, ILN, MLN, PLN and NALT) and IL-2 positive cells within CD4"Foxp3™~ subset
(MLN) of 8-week-old NOD mice vaccinated i.n. with gliadin or OVA at 4 weeks of age. (F) Example of IL-10 and IL-2 positive cells in unstimulated
controls (cell subsets and organs as at C). Individual measurements were performed on cells pooled from 2-3 experimental animals at age of 8 weeks.

Data are expressed as mean values £SEM, i.n. gliadin (white bars), i.n. OVA (black bars). *p<<0.05, **p<0.01, ***p<<0.001.

doi:10.1371/journal.pone.0094530.g006

of regulatory CD4"CD25" T cells by oral insulin [32]. Interest-
ingly, intranasal aerosol application of the whole insulin molecule
in NOD mice led to induction of CD8%y8 T cells capable of
preventing development of diabetes in an adoptive cotransfer
model [5]. This study corresponds with our data documenting that
i.n. administration of another whole-molecule antigen - gliadin -
also led to preferential induction of v T cells.

Several of the animal-tested T1D autoantigens proceeded to
human trials e.g. oral or intranasal insulin administration in
humans at risk of type 1 diabetes (DPT-1, INIT). While some
human trials are in progress, others such as the Diabetes
Prevention Trial-1 (DPT-1) with oral or s.c. and i.v. insulin or
s.c. GAD65/alum failed to show a protective effect [10,36-38].
Also in other autoimmune diseases, human trials with oral
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autoantigens have not led to satisfactory outcomes - (reviewed in
[39].

Nevertheless, there are a few aspects that may question the use
of PB-cell autoantigens in mucosal prevention of autoimmune
diseases, in particular T1D. Firstly, type 1 diabetes is an
autoimmune disease for which the Witebsky and Rose’s original
autoimmune criterion of disease-induction with a specific autoan-
tigen has never been met [40]. In fact, immunizations with neither
B-cell autoantigens nor pancreatic extract together with adjuvants
were able to induce T1D, reviewed in [41]. Secondly, since
mucosally administered antigens can induce both tolerance as well
as immunity, any use of “self” antigens requires extensive testing
and cautions for induction of autoimmunity [9,42,43]. Thus,
vaccinations with B-cell related autoantigens have not so far
proven valuable for humans, although combination therapy with
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Figure 7. Expression of IL-10 and IFN-y in y3 T cells after i.n. administration of gliadin. Proportion of IFN-y (panel A) and IL-10 (panel C)
positive v T cells within mucosal (NALT, MLN, PLN) and non-mucosal compartments (Spleen, ILN) after i.n. gliadin (white bars) or OVA (black bars)
administration in 8-week-old NOD female mice. (B) Example FACS analysis of IFN-y expression within yd T cells in MLN and PLN of NOD mice treated
i.n. with gliadin or OVA after 4 hours in vitro restimulation with PMA/ionomycin. (C) Example of IFN-y positivity within 8 T cells of unstimulated
controls (PLN) from gliadin-treated NOD mice. Individual measurements were performed on cells pooled from 2-3 experimental animals. Data are
expressed as mean values =SEM, *p<<0.05.

doi:10.1371/journal.pone.0094530.g007
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immunosuppressive anti-CD3 mAb seems to be promising
[11,26].

In contrast to gliadin, i.n. administration of gluten did not lead
to prevention of diabetes in NOD mice. This could be due to a
lower dose of gliadin present in the gluten fraction. We
hypothesize, it might also be a matter of availability - e.g.
transports on mucosal surfaces and presentation by DCs, as
glutenins are formed by much higher molecular weight polypep-
tide chains that tend to form a molecular net, thus may limit
availability of various gliadins within the gluten fraction. The effect
of gliadin on immune responses is not fully understood. Prevention
of T1D by i.n. gliadin did not induced specific tolerance to gliadin.
This might be due to the fact that the 4- or even 13-week-old
NOD mice fed standard gluten-containing diet have already well-
established oral tolerance to gliadin, since a very short period of
oral antigen exposure is needed for induction of oral tolerance
[44]. Gliadin induces activation of innate immune mechanisms
and maturation of dendritic cells [45]. While gliadin-induced
inflammatory cytokine production was described as MyD88-
dependent, TLR2 and TLR4 were reported as not involved in the
gliadin-induced signaling pathway [46,47]. Furthermore, gliadin
derived peptides may trigger T cell specific responses but also
stimulate innate immunity response [48]. Gluten-free diets but also
gluten content in diets influence diabetes incidence in animal
models [15,16,49]. The etiological role of gliadin in TID is
supported by the study by Galipeau HJ et al. [50] documenting
that while sensitization with gliadin induces only moderate
enteropathy in humanized NOD-DQ8 mice, when combined
with partial antibody depletion of Foxp3 Tregs it led to
development of insulitis. The induction of mucosal & T cells by
1n. gliadin corresponds with our recent reciprocal finding: we
found decreased proportions of yd T cells in mucosal and non-
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mucosal compartments of BALB/ ¢ mice fed standard compared to
a gluten-free diet [51].

The use of an external environmental substance, gliadin, in this
study i1s novel and may have clinical implications. In addition,
gliadin represents one of the most common food antigens in
western countries, thus its safety in human application may be
easier to test compared to B-cell related autoantigens [9,42,43].

In conclusion, our data show that i.n. mucosal application of
gliadin is capable of significant prevention of diabetes and
development of insulitis in NOD mice. In addition, i.n. gliadin
displayed also small effect on preventing progression to clinical
diabetes in just prediabetic animals with advanced autoimmune
aggression within their islets. This prevention by an environmental
antigen - gliadin - is associated with local, mucosal induction of
T cells and to much lesser extent CD4"Foxp3* T cells. Because
environmental factors play important roles in the recent increase
of T1D, environmental antigens related to T1D should be
considered for prevention trials. Our data suggest that intranasal,
mucosal vaccination with gliadin may represent a novel and
relatively safe approach to prevention and/or even early cure of
type 1 diabetes.
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REVIEW

The role of gut microbiota (commensal bacteria) and the
mucosal barrier in the pathogenesis of inflammatory and
autoimmune diseases and cancer: contribution of
germ-free and gnotobiotic animal models of human
diseases

Helena Tlaskalové-Hogenovél, Renata Stépénkovél, Hana Kozakova', Tomas Hudcovic', Luca Vannucci’,
Ludmila Tuckova', Pavel Rossmann', Tomas Hrnéir', Miloslav Kverka', Zuzana Zakostelska', Klara Klimesova',
Jaroslava Pfibylova', Jitina Bartova’, Daniel Sanchez', Petra Fundova'’, Dana Borovska', Dagmar Sritkoval,
Zdenék Zidek?®, Martin Schwarzer', Pavel Drastich® and David P Funda'

Metagenomic approaches are currently being used to decipher the genome of the microbiota (microbiome), and, in parallel, functional
studies are being performed to analyze the effects of the microbiota on the host. Gnotobiological methods are an indispensable tool for
studying the consequences of bacterial colonization. Animals used as models of human diseases can be maintained in sterile
conditions (isolators used for germ-free rearing) and specifically colonized with defined microbes (including non-cultivable commensal
bacteria). The effects of the germ-free state or the effects of colonization on disease initiation and maintenance can be observed in
these models. Using this approach we demonstrated direct involvement of components of the microbiota in chronic intestinal
inflammation and development of colonic neoplasia (i.e., using models of human inflammatory bowel disease and colorectal
carcinoma). In contrast, a protective effect of microbiota colonization was demonstrated for the development of autoimmune diabetes
in non-obese diabetic (NOD) mice. Interestingly, the development of atherosclerosis in germ-free apolipoprotein E (ApoE)-deficient
mice fed by a standard low-cholesterol diet is accelerated compared with conventionally reared animals. Mucosal induction of
tolerance to allergen Bet v1 was not influenced by the presence or absence of microbiota. Identification of components of the
microbiota and elucidation of the molecular mechanisms of their action in inducing pathological changes or exerting beneficial,
disease-protective activities could aid in our ability to influence the composition of the microbiota and to find bacterial strains and
components (e.g., probiotics and prebiotics) whose administration may aid in disease prevention and treatment.

Cellular & Molecular Immunology (2011) 8, 110-120; doi:10.1038/cmi.2010.67; published online 31 January 2011

Keywords: allergy; hygiene hypothesis; intestinal permeability; leaky gut; probiotics

INTRODUCTION

The majority of epithelial surfaces of our body, such as the skin and
mucosa, are colonized by a vast number of microorganisms; these
represent the so-called normal microflora, the microbiota. The micro-
biota comprises mainly bacteria; however, viruses, fungi and proto-
zoans are also present. Our microbiota contains trillions of bacterial
cells, 10 times more cells than the number of cells constituting the
human body. Most of the commensal bacteria are symbiotic; how-
ever, after translocation through the mucosa or under specific condi-
tions, such as immunodeficiency, commensal bacteria could cause

pathology. Bacteria are present at anatomical locations that provide
suitable conditions for their growth and proliferation. Skin is predo-
minantly colonized by bacteria in the skin folds. The upper airways,
particularly the nasopharynx, harbor bacteria, as do some mucosal
surfaces of the genital tract, although the greatest number of bacterial
cells is found in the digestive tract. The oral cavity (tongue, teeth and
periodontal tissues) harbors high numbers of bacteria (10'). The
stomach has only 10°-10* bacteria, the jejunum harbors 10°~10°
bacteria and the terminal ileum harbors 108~10°. However, the largest
number of bacterial cells is found in the large intestine (10'! per gram
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of intestinal content). A considerable portion, about 70%, of this
microbial cosmos inside our body is composed of bacteria that cannot
be cultivated by current microbiological methods. Microbial groups
have been found to develop in close parallel with the human body and
to depend on the physiological environment in unity with their hosts;
hence, like most other higher organisms, humans are, in fact, supraor-
ganisms. Our microbiota represents a complex ecosystem with
enormous microbial diversity."* Molecular biological methods have
allowed for a revolutionary advance in microbiological research: using
these approaches, microbiological laboratories worldwide have begun to
analyze the components of the human microbiota and to collaborate
intensively in deciphering the human microbiome. It is noteworthy that
the number of genes of our colonic microbiota exceeds the number of
genes in the human genome by 150 times.” There are more than 50
bacterial phyla on Earth, but human gut-associated microbiota are domi-
nated by four main phyla: Firmicutes, Bacteroidetes, Actinobacteria and
Proteobacteria.* Fundamental comparative studies of human fecal micro-
biota have revealed the astonishing fact that each of us has a unique
microbiota (i.e., there are considerable differences between the composi-
tions of the microbiota of individuals). It has also been shown that the
main bacterial populations comprising our microbiota stabilize during
the first years of life. During this time, the microbiota develops and
subsequently remains stable throughout our life in terms of the major
bacterial populations, even after antibiotic treatments.* This large micro-
biome could produce an enormous quantity of molecules able to interact
with the host; however, the role of these molecules remains to be eluci-
dated. The existence of bacteria in the large intestine and their fun-
damental functions in nutrition and metabolism (fermentation of non-
degradable oligosaccharides, metabolism of xenobiotics and activation or
destruction of mutagenic metabolites) make the colonic microbiota a
large fermentative organ.”

Metagenomic approaches have recently been used to demonstrate
that the main functions of the small intestine microbiota may differ
from the function of the colonic microbiota. The microbiota present
in the small intestine is enriched in pathways and functions related to
carbohydrate uptake and metabolism.® The small intestine contains
the majority of immune cells in the body and is substantially involved
in an appropriately functioning immune system; the small intestinal
microbiota thus could play a more important role in development and
maintenance of mucosal and systemic homeostasis. Dietary interven-
tions and the administration of probiotics could be effective means of
changing the composition of the relatively simple microbial commun-
ity present in the small intestine and could thereby substantially affect
this community’s metabolic and immunomodulatory functions.

Although molecular biological analysis of the microbiota is provid-
ing new knowledge daily, functional studies concentrating on intens-
ive analysis of the effects of the microbiota on the macroorganism are
proceeding in parallel. The use of gnotobiological methods on experi-
mental animals are an indispensable methodological tool in the study
of the biological importance of the microbiota and the consequences
of bacterial colonization. In these methods, mice or other species are
bred by a complex technology in a sterile environment (i.e., free of live
bacteria) in isolators and can then be colonized in a controlled way
with defined strains of bacteria (including nonculturable species), and
the effects of this colonization can be followed on both genetic and
protein levels.”®

MUCOSAL BARRIER FUNCTION
Epithelial surfaces have evolved protective mechanisms to resist
microorganism invasion. Both mucosa and skin mediate contact
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between the organism and its external environment and there the
organism encounters many antigenic, mitogenic and toxic stimuli
present in food, normal microbiota and air. Moreover, most ‘exogen-
ous’ pathogenic infections enter their host by the mucosal route. The
mucosa and the internal environment of the organism are protected by
the effective innate and adaptive immune systems. Almost 80% of the
immunologically active cells of the body belong to the mucosal-assoc-
iated immune system. The majority of these cells are present in tissues
of the gastrointestinal tract, where the prevalence of immunogenic
agents, including food and components of the microbiota, is the high-
est. Under physiological conditions, the gut is covered by the largest
epithelial surface in the body (around 200 m?® in humans), and it
contains complex and poorly understood cell interactions that regu-
late responses to food antigens and to antigens of the normal bacterial
flora.”™"

The barrier function of mucosal surfaces, particularly those of the
intestine, is ensured by complex mechanisms acting on several levels.
The microbiota itself forms an integral part of the natural mechanisms
of mucosal surfaces and skin that safeguard the organism against
pathogenic microorganisms. When the microbiota has an optimal
composition, it prevents attachment and multiplication of pathogenic
or virulent microorganisms on these surfaces and the invasion of these
microorganisms into epithelial cells and the circulation. The intestinal
microbiota plays an important role in pathogen resistance, both by
direct interaction with pathogenic bacteria and by influencing the
immune system.'®!”

Mucins (highly glycosylated macromolecules) form the first barrier
between the gut contents and epithelial cells, protecting them from
direct contact with commensal bacteria and their components.
Changes in the amount and/or the composition of mucus may lead
to inflammatory responses.'® The epithelial layer, which is covered by
glycocalyx, forms a major barrier between the host and the envir-
onment. The epithelial layer of most mucosal surfaces consists of a
single layer of interconnected, polarized epithelial cells. The epithelial
layer of the gut mucosa is reinforced by junctions (tight junctions,
adherens junctions and desmosomes) in the paracellular spaces
between epithelial cells and forms an interconnected network. Tight
junctions have been shown to act as a dynamic and strictly regulated
port of entry that open and close in response to various signals such as
cytokines and bacterial components, originating in the lumen, lamina
propria and epithelium. Tight junctions participate in preserving cel-
lular polarity and are regarded as key elements of intestinal diffusion
mechanisms. The molecules forming tight junctions are connected to
the cytoskeleton of epithelial cells and thus participate in determining
the shape and structure of epithelial cells.'® Epithelial cells particip-
ating in mucosal barrier function are conventional enterocytes (colo-
nocytes in colon); goblet cells producing both mucus and trefoil
peptides required for epithelial growth and repair; enteroendocrine
cells producing neuroendocrine molecules having a paracrine effect;
and Paneth cells secreting the antimicrobial peptides defensins.
Neuropeptides, the products of the nervous system, are capable of
increasing the permeability of tight junctions to macromolecules, thus
modifying mucosal barrier function.”

The participation of innate immune factors in mucosal barrier
function during the interaction with commensal microorganisms is
now beginning to be appreciated. In addition to the well-known hum-
oral components of innate immunity such as complement, lysozyme,
lactoferrin and mannan-binding protein, other recently described fac-
tors have been intensively studied. An important humoral compo-
nent of these non-specific innate mechanisms are the antimicrobial
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peptides called defensins, widely distributed throughout the plant and
animal kingdoms. Multiple types of these peptides are produced by
Paneth cells, specialized cells present in the crypts of gut mucosa, and
by other epithelial cells. In general, innate immune mechanisms are
affected mainly by phagocytic cells (macrophages, neutrophils and
dendritic cells) that can produce cytokines essential for inflammatory
reactions and factors critical for the subsequent initiation of adaptive
immunity. These cells initiate innate immune responses to microbes
via the sensors called pattern recognition receptors.”' These sensing
structures, the Toll-like receptors, C-type lectin receptors, RIG-I-like
receptors and nucleotide-binding domain and leucine-rich repeat
containing proteins, sense pathogen motifs and transmit activation
signals to their target cells. In addition to their strategic localization
and absorptive, digestive and secretory functions, intestinal epithelial
cells are equipped with various receptors to enable their participation
in immunological processes. To prevent uncontrolled inflammatory
responses to components of commensal microorganisms, the signal-
ing pathways of these cells are tightly regulated by multiple molecules
and pathways to ensure negative feedback mechanisms, similar to
other mucosal innate immune cells.'*****> We have previously shown
that expression of the NOD2 molecule in the gut mucosa is affected by
the presence of microbiota and that NOD2 expression influences the
microbiota as well. The host via NOD2 and the intestinal commensal
bacterial flora thus maintain homeostasis by regulating each other
through feedback mechanisms.**

The main cells that present antigen to the adaptive arm of the
mucosal immune system are dendritic cells.”® Induction of tolerance
or stimulation of a mucosal immune response depends on the par-
ticipation of different populations of dendritic cells responsible for the
activation of regulatory T-cell subpopulations.?® Production of IL-10
and transforming growth factor-beta leads to the activation of regu-
latory T cells that inhibit the immune response and induce mucosal
tolerance.”” Pathogenic microorganisms induce the maturation of
dendritic cells that lead to the activation of effector T cells indispens-
able for clearing infections and for the prevention of subsequent infec-
tion with the same or related pathogens.*

One of the main humoral defense mechanisms ensuring the barrier
function of mucosal surfaces produced by the adaptive arm of the
mucosal immune system is secretory immunoglobulin A (IgA).
Polymeric secretory IgA is more resistant to proteolysis than other
antibodies. Its primary task is to prevent both the adherence of bac-
teria to mucosal surfaces and the penetration of antigens into the
internal environment of the organism. This is achieved by specific
or nonspecific (using a reaction resembling lectin binding) mechan-
isms.**° In individuals with selective IgA deficiency, the mucosal
barrier is insufficient and is more permeable to allergens and other
immunogens. Secretory IgA can react with some bactericidal sub-
stances contained in mucosal secretions (lactoperoxidase and lacto-
ferrin) and transport them to bacterial surfaces.”®

Mucosally administered antigens induce an immune response that
is detectable not only locally, but also in circulation and in remote
mucosal surfaces and exocrine glands.’* Cells originating from orga-
nized mucosal lymphoid tissue migrate through lymph and blood
after activation and home to mucosal surfaces and exocrine
glands.'®""** An example of the effect of migration and selective col-
onization by cells from the intestinal mucosal surfaces is the composi-
tion of the secretion from mammary glands: mother’s milk. Apart
from the nutritive components, mother’s milk contains a number of
immunologically nonspecific and specific factors and a large quantity
of cells. These components protect the not yet completely developed
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intestine of the infant against infectious agents. The mammary gland is
colonized by immune cells from the intestine of the enteromammary
axis.>? Asa consequence of this colonization, the mammary secretions
contain IgA antibodies and cells directed against antigens present in
the maternal intestine, protecting the breastfed infant from threats
present in its environment. This may involve bacteria from the mater-
nal microbiota that colonize the intestine of the infant within the first 3
days of life and may have a pathological impact on the incompletely
matured mucosa, as occurs in the case of necrotic enterocolitis.
Therefore, the local protection provided for the infant’s intestine by
anumber of molecules with immunomodulatory properties present in
colostrum and milk, as well as maternal secretory antibody, is of major
importance.*

THE ROLE OF THE MICROBIOTA IN POSTNATAL
DEVELOPMENT OF INNATE AND ADAPTIVE IMMUNITY AND
THE MUCOSAL BARRIER

The close symbiosis of the microbiota and human or animal hosts is
the result of long evolution and mutual adaptation of both partners,
which defines our ability to adapt to the ambient environment and
defend ourselves against threats. The period in which the human host
is most acutely influenced by the microbiota is the postnatal period,
during which the germ-free neonate moves from the sterile envi-
ronment of its mother’s uterus into a world full of microorganisms
and during which the neonate’s mucosal and skin surfaces become
gradually colonized. The composition of main bacterial populations
does not stabilize until after the first few years oflife. In this period, the
microbiota gradually colonize the mucosal and skin surfaces of the
neonate and exert the greatest effect on the development of the
immune system.”® The mode of neonate delivery is particularly
important because infants delivered by caesarean section lack the first
input of maternal bacteria, and their intestinal microbiota differ sub-
stantially.

Components of the intestinal microbiota play a crucial role in the
postnatal development of the immune system. During the early post-
natal period, the intestinal microbiota stimulates the development of
both local and systemic immunity, while later on these components
evoke inhibitory regulatory mechanisms intended to keep both muco-
sal and systemic immunity in check.”>’

The importance of the microbiota in the structural and functional
features of the developing immune system was predicted by Professor
Jaroslav Sterzl, who established the Laboratory of Gnotobiology at the
Institute of Microbiology more than 50 years ago. This crucial develop-
ment provided tools to study basic questions about the host-microbiota
interaction using various animal models.**** We have shown that
microbial colonization of animals living in germ-free conditions results
in an increase in immunoglobulin levels, the production of specific
antibodies, substantial changes in mucosal-associated lymphocyte tis-
sues and cell populations, changes in migration patterns and increases
in the systemic immunological capacity.’>***>*} In the early postnatal
period, components of the normal microbiota induce a transient
physiological inflammatory response in the gut associated with enlarge-
ment of the mucosal-associated lymphatic tissue and increases in its
cellularity.”*

The effect of microbial colonization on innate immune cells has
been documented in our studies on the development of phagocytes,
dendritic cells and intestinal epithelial cells.***® Interestingly, the T-
cell receptor repertoire is also influenced by colonization with micro-
organisms.*’ Recently we have studied the effect of the microbiota on
the development of lymphatic subpopulations in BALB/c mice bred in



germ-free isolators or under conventional conditions and fed with
sterile diets differing in contamination with microbial components.
This study of lymphocyte subpopulations showed the mesenteric
lymph nodes and Peyer’s patches of germ-free mice fed by diets with
lower lipopolysaccharide content contained fewer CD4 " T lympho-
cytes than did secondary lymphoid organs from mice housed under
conventional conditions. Germ-free mice kept on a diet with a high
content of nonliving microbial components had more CD4* lympho-
cytes than animals kept on a diet with a low content of bacterial
components. An important finding was that the development of reg-
ulatory (CD4" FoxP3™) T lymphocytes depends on the presence of
the microbiota and bacterial components in the diet: germ-free mice
on a diet containing small amounts of lipopolysaccharide had fewer
regulatory T lymphocytes.*’

Interestingly, the microbial colonization of germ-free mice also
speeds up the biochemical maturation of enterocytes, resulting in a
shift in the specific activities of brush-border enzymes nearly to the
extent found in conventional mice.*® Moreover, a similar introduc-
tion of microorganisms alters the synthesis of sugar chains in mem-
brane-associated glycoproteins, which could influence the gut barrier
function.' >

PARTICIPATION OF COMMENSAL BACTERIA AND THEIR
COMPONENTS IN THE DEVELOPMENT OF INFLAMMATORY,
AUTOIMMUNE AND NEOPLASTIC DISEASES

While the major cause of death in the less developed world remains
infectious disease, the major killers in the developed world are cardio-
vascular diseases and cancer. Moreover, the steadily increasing preval-
ence of chronic disorders, like allergy, arthritic diseases and other
inflammatory and autoimmune diseases, is causing significant mor-
bidity.>"** These disorders represent an important medical problem
because they have a devastating impact on quality of life and require
long-standing medical care.

The main characteristics of inflammatory and autoimmune diseases
are tissue destruction and functional impairment caused by immuno-
logically mediated mechanisms that are principally the same as those
that function against pathogenic infections. Both living bacteria and
their components and metabolites are clearly responsible for many of
those immunomodulatory mechanisms.”> Considerable work on
autoimmune, inflammatory and neoplastic diseases is aimed at
investigating the pathogenic role of environmental agents, including
these microbial components.”*>”

In some cases, impaired function of the intestinal barrier leads to an
increase in antibodies directed against antigens present in the intes-
tinal lumen. It was recently shown that the appearance of these anti-
bodies or/and autoantibodies in individuals lacking clinical symptoms
may have important predictive value for the development of inflam-
matory and autoimmune diseases.”>”

In the case of autoimmune diseases, considerable effort has been
made to understand mechanisms leading to the loss of self-tolerance.
Infections have often been considered to initiate the process in genet-
ically predisposed individuals. One major hypothesis explaining how
infectious components can cause autoimmune reactions is based on
the concept of crossreactivity, also known as “molecular mimicry”,
the similarity between the epitopes of autoantigens and epitopes of
harmless environmental antigens.*®> Infections may also trigger the
development of autoimmunity through the inadequate activation of
innate immune cells.®* The adjuvant activity of microbial compo-
nents may participate in the stimulation of antigen presenting
cells such as dendritic cells that leads to the abnormal processing
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and presentation of self-antigens. Superantigens are microbial com-
ponents that have been shown to be particularly effective in inducing
inflammatory reactions.

Genome-wide association studies on large human cohorts are used
to identify the role of genes mutated in chronic human diseases. These
studies allow us to suggest not only the mechanisms but also the
interacting environmental factors or infectious components involved
in disease initiation and maintenance.®"**

Homeostasis of the intestinal mucosa may be disturbed by patho-
genic microorganisms and toxins attacking the intestine or by inade-
quately functioning components of the immune system, as observed in
immunodeficiency or in cases of dysregulated mechanisms of the
mucosal immune system. The intestinal mucosa can be affected as a
consequence of either insufficient activity or exaggerated activation of
the immune system.””*” Various complex diseases may occur as a
consequence of disturbances of mucosal barrier function or of changes
in mechanisms regulating mucosal immunity to food or components
of the microbiota.*> Studies showing both interindividual differ-
ences and a disease-specific pattern in the composition of the micro-
biota in humans are of particular interest. Nevertheless, the
complexity and interindividual variation of the gut microbiota com-
position in humans represents a confounding factor in the efforts to
determine the possible significance of individual commensal micro-
bial organisms in disease pathogenesis.

Patients often come to the clinic only after their disease has become
symptomatic, making the understanding of the early events leading to
disease difficult. Experimentally induced and spontaneously devel-
oping animal models of human diseases allow us to examine the role
of genetic and environmental factors in early events during disease
development, to elucidate the pathogenic mechanisms and to develop
new preventive and therapeutic strategies, despite these models some-
times being too artificial to be comparable with human disease.
Examples of diseases in which barrier dysfunction and involvement
of the microbiota in human disease have been suggested and cases in
which the use of germ-free or gnotobiotic animal models of disease
were beneficial are listed below.

INFLAMMATORY BOWEL DISEASE (IBD)

Idiopathic IBD, Crohn’s disease and ulcerative colitis are severe
chronic disorders affecting approximately 0.2% of the human popu-
lation. Despite intense study, the etiology and pathogenesis of these
diseases remain unclear. The pathogenesis of IBD involves interactions
among immune, environmental and genetic factors; the combination
of these factors results in the induction of inflammation, subsequent
development of mucosal lesions and repair. Disruption of T lympho-
cyte regulatory functions and impairment of the mucosal immune
response to normal bacterial flora play a crucial role in the pathogen-
esis of chronic intestinal inflammation. This may implicate the loss of
local physiological regulatory mechanisms and perhaps a breakdown
of oral tolerance to luminal antigens in these diseases.®*~"° This sug-
gests that the intestinal mucosa is one of the most sensitive indicators
of immune dysfunction. The demonstration of abnormal T-cell
responsiveness against indigenous microbiota in human IBD sug-
gested that commensals may initiate and/or perpetuate the intestinal
inflammation seen in IBD.”' Recent results of genome-wide asso-
ciation studies performed in large cohorts of patients confirmed the
previously suggested participation of microbial components in the
development of Crohn’s disease and ulcerative colitis.”> Many of the
mutations found were in genes encoding recognition, processing and
killing of microorganisms and the regulation of immune processes.
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Interestingly, some of these gene defects were also found in patients
with other autoimmune diseases.

Several animal models of spontaneously developing intestinal
inflammation suggest that innate immunity, mucosal barrier defects
or disruption of T lymphocyte regulatory functions could lead to
chronic intestinal inflammation. A number of genetically manipulated
mice, such as mice deficient in IL-2 or IL-10, develop spontaneous
chronic intestinal inflammation.”” Interestingly, the disease can be
prevented when these mice are reared in germ-free conditions.”*””
Similarly, BALB/c mice develop a much milder form of acute dextran
sulfate sodium induced colitis in germ-free conditions compared to
conventionally reared mice.”®

In our studies, we have used a T-cell transfer model of chronic colitis
in germ-free and other gnotobiotic mice to elucidate the effects of
colonization with defined mixtures of microbes on the development
of intestinal inflammation. We observed that after the transfer of
CD4"CD45RB™" T cells into severe combined immunodeficient
mice, severe inflammation was present in mice colonized with a cock-
tail of specific pathogen-free microbiota along with segmented, fila-
mentous bacteria. Interestingly, germ-free mice, mice treated with
segmented, filamentous bacteria alone or mice treated with the specific
pathogen-free cocktail did not exhibit markers of severe intestinal
inflammation.””

Oral treatment with lysed bacteria may influence the development
of experimentally induced intestinal inflammation. We have shown
that the severity of dextran sulfate sodium-induced intestinal inflam-
mation in BALB/c mice is reduced by oral administration of a soni-
cated microbiota containing anaerobic bacteria.”® Furthermore, we
found that this effect could be modulated via the manipulation of
the gut microbiota and immunomodulation of the mucosal and
the systemic immune response.”’ Thus, the mechanisms of this pro-
tective and therapeutic effect should be elucidated more precisely, and
this novel approach may be used for the development of a potential
vaccine.

CELIAC DISEASE

Celiac disease is a chronic immune-mediated enteropathy that is trig-
gered by dietary wheat gluten or related prolamins in genetically suscep-
tible individuals. It is characterized by an increase in the cellularity
(intraepithelial lymphocytes) and atrophy of jejunal mucosa. The auto-
immune nature of this disease was confirmed by the presence of auto-
immune mechanisms directed against several autoantigens, including the
most diagnostically important autoantigen, tissue transglutaminase. The
frequent association between celiac disease and other autoimmune dis-
eases, particularly type 1 diabetes (T1D) and thyroiditis, suggests that
celiac enteropathy shares certain pathogenic mechanisms with other
autoimmune diseases.*® Indeed, gut mucosal barrier dysfunction was
repeatedly demonstrated and confirmed by genetic studies in patients
with celiac disease and T1D.*'~* Several intestinal viral triggers including
adenovirus, hepatitis C virus, and rotavirus and bacterial infections cap-
able of initiating or augmenting gut mucosal responses to gluten were
suggested to play a role in the pathogenic mechanism of this disease.®*
Abnormal components found among the microbial inhabitants adhering
to the diseased jejunal mucosa have been described and recently analyzed
using new microbiological methods by Ou et al.® Profound changes in
the fecal and duodenal microbiota composition of patients with active
disease who are on a gluten-free diet have also been demonstrated.*®
Interestingly, some commensal bacteria, such as Escherichia coli, pro-
moted the activation of innate immune cells by gliadin, whereas others
(Bifidobacteria) exerted inhibitory effects.y”
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There are a limited number of suitable animal models for this dis-
ease. Using long-term intragastric application of gluten to Wistar-
AVN rats starting at birth, we were able to induce the main features
of gluten enteropathy: an increase in intraepithelial lymphocytes,
crypt hyperplasia and shortening of the villi in the jejunal mucosa.
Moreover, we found similar changes in mucosal structures after trans-
fer of intestinal lymphocytes into the intestinal loops of inbred germ-
free recipients. Changes appearing after gluten, but not albumin, feed-
ing were inducible in germ-free rats, i.e., in the absence of microbiota,
suggesting the activation of intestinal immune cells by this unique
food protein.®®

T1iD

Type 1 (insulin-dependent) diabetes mellitus is one of the most well-
studied organ-specific autoimmune diseases. It develops as a con-
sequence of selective destruction of pancreatic insulin-producing beta
cells within the islets of Langerhans. Autoimmune reactions against
beta cells may arise from activation of the immune system in genetic-
ally predisposed individuals by environmental factors that bear epi-
topes similar to those expressed by the beta cell. Several mechanisms
such as molecular mimicry, metabolic stress on beta cells, cryptic
epitope exposure and costimulatory molecule upregulation have been
proposed but not fully validated in the pathogenesis of T1D. Recently,
T1D has been considered a consequence of dysregulated or inade-
quately developed regulatory immune responses in genetically predis-
posed individuals, similar to other autoimmune diseases.

The rapid increase in the incidence of T1D in developed countries
during recent decades points to the role of environmental factors in
this disease. Candidate environmental factors influencing T1D include
various microbial and food components encountered at mucosal sur-
faces as well as gut mucosal parameters such as gut permeability.* The
main difficulty in characterizing the environmental factors and
mechanisms in T1D and possibly other autoimmune diseases is their
complexity, the long lag period between the induction or disease-
modifying events and the clinical onset of the disease, and the lack
of studies in environmentally-defined, gnotobiological animal mod-
els. Furthermore, environmental factors in T1D seem to prevent full
penetration of the disease rather than trigger it.

In non-obese diabetic (NOD) mice and biobreeding rats, the two
well-established animal models of spontaneously developing auto-
immune diabetes, the quality of specific pathogen-free housing facil-
ities influences incidence of the disease. Animal facilities with
positively defined specific pathogen-free microbiota (e.g., altered
Schaedler microflora), antibiotic decontamination or rederivation of
the breeding nucleus facilitate high diabetes incidence. Thus, clean
conditions increase T1D incidence, whereas infections, including
parasite infections and immunization with bacterial components,
decrease the incidence.”® We have shown rapid disease onset and
100% diabetes incidence in NOD females reared in germ-free condi-
tions.”" Wen et al. have also recently reported high diabetes incidence
in germ-free mice and have documented an involvement of innate
immune mechanisms in the disease. These findings indicate that some
not yet well-defined components of the commensal microbiota exert
diabetes-protective effects.”

The course of TID may also be influenced by food. In both bio-
breeding rats and NOD mice, the diabetes-promoting agents are not
carbohydrates but come mainly from the plant protein fraction of
natural diets.”” We have documented that a gluten-free diet, but also
a diet with high gluten content, highly decreases diabetes incidence in
NOD mice.”*®* In addition, different mechanisms are responsible for



the disease prevention: some diets have a microbiota-dependent
diabetes-protective effect, whereas others prevent T1D in a micro-
biota-independent manner.”' Gliadin, the component of wheat gluten
that triggers celiac diseases in susceptible individuals, was shown
to activate innate immune mechanisms and to increase intestinal
permeability.®*>%7

Increased gut permeability preceding clinical onset of the disease
and signs of activation of the gut immune system were described in
children with T1D and were related to the pathogenesis of this dis-
ease.”” Animpaired gut barrier function and subsequent consequences
on the development of the disease were also demonstrated in the
biobreeding rat model of T1D.”® Thus, apart from various envi-
ronmental factors acting in T1D, parameters of the gut mucosa form-
ing an interface between the self and the environment further contrib-
ute to the complexity of the disease.

NEUROLOGICAL AND PSYCHIATRIC DISEASES
One of the most frequent and severe autoimmune neurological
diseases is the demyelinating disease multiple sclerosis. The disease
affects mainly young people, finally leading to their invalidity.
Changes in gut barrier function, i.e., increased intestinal permeab-
ility in patients, as well as in their relatives, has been reported.99
Viruses and bacteria have been suggested to participate in the
pathogenesis of multiple sclerosis. Based on morphological and
immunological findings in the brains of patients, attention has
recently been given to the common infection with Epstein—Barr
virus.'” Bacterial involvement in the pathogenesis of multiple
sclerosis was suggested after the bacterial peptidoglycan was found
within antigen presenting cells (dendritic cells and macrophages)
in the brains of patients but not of control individuals.'®" The
potential role of molecular mimicry associated with infections
was studied by Westall.® By comparing the sequences from three
known encephalitogenic peptides with all known human bacterial
and viral agents, this group found that mimics are present in a
wide variety of microorganisms. Interestingly, the mimics were
present predominantly in non-pathogenic gut bacteria.
Demyelination can be experimentally induced and achieved by
immunization of mice with autoantigenic molecules isolated from
central nervous system. This widely used model of multiple sclerosis,
experimental autoimmune encephalomyelitis, has been invaluable in
elucidating the pathogenesis of this debilitating disease and in creating
new therapeutic approaches.'> The role of the components of the
microbiota in the pathogenesis of disease using this experimental
model has recently been documented by Kasper’s group, and the
results of this study have been used to propose a novel treatment.'*>'%*
The gut-brain axis is a bidirectional communication system
through which the brain modulates gastrointestinal function and
through which the gastrointestinal system is monitored by the brain.
Neural and immunological and endocrine mechanisms are involved in
this communication. The intestinal microbiota influences the gastro-
intestinal physiology, including the development and function of
enteric nervous system.”*'®® The enteric nervous system (the ‘second
brain’) directly controls the gastrointestinal tract functions. It consists
of more neurons than there are in spinal cord (about 10), organized in
myenteric and submucosal plexuses.'® Interestingly, recent findings
suggest a potential involvement of these structures in frequently
occurring neurodegenerative disorders, like Parkinson’s disease.
Characteristic Lewy bodies, pathological hallmarks of Parkinson’s dis-
ease, were found in intestinal biopsies of patients with Parkinson’s
disease.'”’
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There is increasing evidence that the immune system, inflammation
and mucosal barrier function are involved in the pathogenesis of some
psychiatric diseases. Autism is an important mental illness and has
attracted the attention of researchers due to its sharply increasing
incidence in developed countries. Changes in antigenic load due to
the impairment of gut barrier function were recently suggested as a
triggering factor.'®® Autistic enterocolitis and changes in intestinal
permeability were described in this early onset developmental dis-
order.'” Moreover, urinary metabolic phenotyping has determined
biochemical changes that were consistent with abnormalities in the
composition of the gut microbiota found in autistic children."'®'"!
Interestingly, in another mental illness, depression, ‘leaky gut’ has
been suggested to play a pathogenic role: this assumption was based
on findings of altered intestinal permeability in patients and their first-
degree relatives.''?

Analysis of behavioral changes in experimental animal models of
neuropsychiatric diseases has started to be used to elucidate the role of
the mucosal barrier function and the involvement of environmental
factors in disease pathogenesis.''> We have studied the behavioral
changes occurring after induction of intestinal mucosal changes
resembling celiac diseases by feeding of high doses of gluten to rats,
and we found a higher emotionality in an open field test.''* It is
interesting to note that behavioral and psychological changes are often
present in patients with active celiac disease, which is associated with
findings of regional cerebral hypoperfusion in their brains."'"

RHEUMATIC DISEASES

The involvement of intestinal changes in the pathogenic mechanisms
of rheumatic diseases was suggested by findings of increased intestinal
permeability and the presence of gastrointestinal symptoms in
patients with juvenile idiopathic arthritis."'® The frequent occurrence
of arthritis in patients suffering from IBD suggests participation of the
gut in this immune mediated rheumatic disorder.'"”

Infection with intestinal microbial pathogens such as Salmonella,
Shigella and Yersinia precedes the development of reactive arthritis;
these infections can trigger autoimmune reactions in joints.''®
Moreover, increased level of antibodies directed against antigens of
certain species of gut bacteria (e.g. Proteus) suggests that there is an
pathogenic relationship between these bacteria and rheumatoid arth-
ritis.1t? Similarly, increased titers of anti-Klebsiella antibodies in
patients with ankylosing spondylitis suggest that infection with this
bacterium could be a triggering factor in these patients.'® Only
recently has the involvement of the gut microbiota community in
the pathogenesis of rheumatic diseases been properly analyzed. Most
studies involving the gut microbiota composition in rheumatoid arth-
ritis have been performed using classical cultivation methods that do
not allow analysis of the non-cultivable majority of gut microbiota.
Studies based on the use of new molecular biological methods dem-
onstrating alteration of the gut microbiota composition in patients
with rheumatic diseases (e.g., juvenile arthritis) have appeared only
recently.'*!

Animal models of rheumatic disease are frequently used, as in other
diseases, to study pathogenic mechanisms and to develop new thera-
peutic approaches. Currently, these models are being used to study the
participation of gut microbiota in disease development.'** The rat
HLA-B27 transgenic model of ankylosing spondylitis spontaneously
develops this disease, associated with colitis, when reared in conven-
tional conditions (i.e., with microbiota). After transfer into germ-free
conditions, the transgenic rats lose inflammatory changes in the gut as
well as in joints.'*® Alleviation of symptoms and inflammatory
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changes through oral application of probiotics have been described in
an experimental model of adjuvant-induced arthritis.'** Exciting
results were obtained from a recent study performed using a mouse
model of rheumatoid arthritis, where it was demonstrated that a germ-
free state decreases the clinical and autoimmune markers of arthritis.
However, colonization with a unique non-cultivable bacterial strain
belonging to mouse commensals, i.e., with segmented filamentous
bacteria, induced the Th17 subpopulation, leading to clinical symp-
toms and increases in autoantibody production.'**

OBESITY, CARDIOVASCULAR DISEASES AND
ATHEROSCLEROSIS

In addition to the well-known role of intestinal bacteria in nutrition,
commensal bacteria were found to play an important role in many
physiological processes. Considerable interest in this role was gene-
rated by the findings of Jeffrey Gordon concerning changes in the
expression of genes in germ-free mice following colonization by cer-
tain strains of intestinal bacteria.” These studies demonstrated signifi-
cant effects of bacterial colonization on the expression of a wide range
of genes, some of which are involved in metabolism.”® The study from
Backhed et al. examined the relationship between the composition of
the microbiota and obesity.'*® Experimental models of genetically
obese mice (leptin deficient ob/ob mice) and gnotobiological tech-
niques (germ-free mice) were used in this study. These experiments
demonstrated that the colonization of the intestine of germ-free mice
by microbes from conventional mice led to a 40% increase in body fat
over a relatively short period of time (2 weeks), despite the mainte-
nance of low food intake. In other experiments, germ-free mice were
colonized with the microbiota of obese mice and a control slim strain.
Colonization with microbiota from obese mice induced a higher rise
in body fat than did colonization with the microbiota from slim mice.
The composition of the intestinal bacteria of the obese leptin deficient
mice when analyzed by molecular biological methods was found to
differ from that of the slim mice, particularly concerning the propor-
tion of the two bacterial groups Firmicutes and Bacteroidetes: obese
mice exhibited a 50% lower frequency of Bacteroidetes and an
increased proportion of Firmicutes. These changes in the microbiota
composition increased the ability to break down fiber into short chain
fatty acids and to release additional energy that could be stored as
fat. 126,127

Interesting data have been generated in analyses of human micro-
biota. These results confirmed the data obtained in mice: obese
patients had a lower proportion of Bacteroidetes and, if they lost weight
during a year, the proportion of Firmicutes in their intestinal micro-
biota was comparable with that found in slim persons.'*® The recent
study from Backhed et al. demonstrated that the colonization of germ-
free mice leads to an increased de novo production of fat. This phe-
nomenon was associated with lowered expression of the intestinal
factor Fiaf, which takes part in the regulation of fat production.'?®

Many laboratories have endeavored to analyze the mechanisms by
which intestinal bacteria affect the use of energy from food and to try
to find bacterial strains whose administration would aid in the treat-
ment of obesity, which puts the health of millions of people at risk for
developing cardiovascular and other diseases.

Infections with Chlamydia, Helicobacter pylori or periodontopathic
bacteria have been considered to increase the risk of development of
cardiovascular disease.””"'*’ Interest in the participation of the gut and
its microbes was highlighted by findings demonstrating altered intes-
tinal function, including increased permeability and augmented bac-
terial biofilm in patients with chronic heart failure.'*
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Experimental studies concentrated on the use of an advantageous
mouse model of atherosclerosis, apolipoprotein E-deficient mice
(ApoEfl 7). It has been demonstrated that infectious stimuli are not
needed for the development of atherosclerotic plaques in ApoE-
deficient mice fed by a high-cholesterol diet."”! We also used this
model, and have observed that, in contrast to the absence of athero-
sclerotic plaques in conventionally reared ApoE-deficient mice, germ-
free ApoE-deficient mice consuming the same low-cholesterol stand-
ard diet exhibited developed atherosclerotic plaques in the aorta.
Differences in the atherosclerotic plaques between germ-free and
ApoE-deficient mice containing microbiota are not as apparent when
the mice are fed by a high-cholesterol diet. These results document the
protective effect of the microbiota on atherosclerosis development.'*>

ALLERGY

Epidemiological increases in the incidence of allergy, the most com-
mon chronic inflammatory disease, have occurred in recent years in
economically developed countries and have triggered interest in
potential environmental factors.”™'*> The search for an explanation
for this trend resulted in the hypothesis that exaggerated hygienic
conditions in these countries have decreased the quantity of natural
infectious stimuli from the external environment, disturbing the well-
balanced development of subpopulations of T cells, particularly the
subpopulation of regulatory T cells (‘hygiene hypothesis’).>>!**13>
Recent microbiological analyses performed using classical and
molecular biological techniques have demonstrated differences in
the composition of intestinal microbiota between children from
highly developed and underdeveloped countries. The former are born
under controlled conditions in hospitals with maximal care and
observance of hygienic measures. Consequently, the spectrum of
microbes of their intestinal tract is much narrower than that of chil-
dren from less developed countries.’® Unfortunately, there is limited
understanding of the role of intestinal lymphatic tissues and mucosal
immunity in these processes. Recent studies have documented the
changes in fecal microbiota in children suffering from food allergy.'*®
Many efforts to influence the microbiotal composition of children in
the early postnatal period have been attempted by the application of
probiotics, and the results measured by allergy incidence later in life
are promising,'?’ "%

There are few experimental studies concerned with whether and
how microbiota influences the development of allergy.'** We have
addressed the question of whether the intestinal microbiota affects
the induction of mucosal (oral) tolerance against the birch pollen
allergen. The Bet v1 allergen was applied intranasally or intragastrically
in an experimental model of allergy induced by subcutaneous sens-
itization with the same allergen, and induction of tolerance was tested
after application of an inducing allergen dose. Mice reared in germ-
free and conventional environments did not differ in their ability to
induce tolerance via the mucosal route or in their ability to induce a
Th2 response. Therefore, we have demonstrated that the ability to
induce mucosal tolerance is independent of the presence of microbiota
in this model.'*!

CANCER

The involvement of infectious causes in the etiology of cancer has
attracted the attention of researchers in recent years. At present, an
association of cancer with bacterial and viral infectious agents is found
in approximately 20% of all malignancies.'** This is due to the increas-
ing number of studies demonstrating the role of inflammation in
establishing conditions that can deeply alter local immune responses



and, consequently, tissue homeostasis. In particular, inflammatory
mediators such as IL-1, tumor-necrosis factor-o, IL-8, nitric oxide
or prostaglandin-2 derivatives and molecules of the inflammatory
pathways have been shown to be involved in a progressive interplay
between immune cells and cells of a tissue undergoing transforma-
tion.'*’ This association between inflammation and cancer has been
highlighted in studies of IBD. The degree and prolongation of the
duration of ulcerative colitis were recognized as factors leading
to increased risk of gastrointestinal cancer development.'*»'*> A
correlation between gut microbiota composition and gastro-
intestinal cancers was examined in experimental animal models
and clinical/epidemiological studies of environmental etiological
factors. An association between a Western-style diet (red meat, fats
and low vegetable intake) and changes in the composition of the
gut microbiota has been observed in animal and human studies.
This was linked to increased activities of fecal bacterial enzymes, as
well as modification of sulfidogenesis and biliary acid metabolism
with an impact on development of procarcinogenic condi-
tions."*®'* Interestingly, microbiota products can influence not
only the local intestinal environment but also distant organs. Gut
microbiota can metabolize certain plant-derived foods into bio-
logically active compounds, e.g., enterolignans, that may play a role
in carcinogenesis."*® A recent meta-analysis indicated that these
phytohormones may decrease the incidence of breast cancer.'*’

The highest production of carcinogens was associated with gut
anaerobic bacteria and was lowered by supplementation with live
lactobacilli.'>® H. pylori infection of the gastric mucosa was shown
to create the conditions for developing ulcers, adenocarcinomas
and gastric B-cell lymphomas. In fact, continuous inflammation
induced by the bacteria activates cellular pathways inducing
changes in mucin production (MUC2), as well as metaplasia and
proliferation. Changes in mucin production and structure have
been described both in gastric neoplastic conditions related to H.
pylori and during the development of colorectal carcinoma.'®!
These alterations progressively modify the relationship between
the microbiota and the mucosal epithelia due to changes in the
adhesiveness and integrity of the mucosal barrier. Some bacteria
are able to induce modification of mucosal permeability, facilitating
the translocation of bacteria and bacterial toxins (e.g., lipopolysac-
charide). The inflammatory responses elicited were demonstrated
to be able to enhance cancer progression.'>>

Bacteria represent a continuous stimulus for maintaining activated
immunity in the gut mucosa and actively participate in the metabol-
ism of bile and food components. Since germ-free mice lack this
stimulus, they serve as a useful tool to study the role of bacteria in
intestinal carcinogenesis. Compared with conventional mice, the
incidence of both spontaneous and induced tumors is significantly
lower in germ-free conditions.'>*'** Our studies of the participation
of the microbiota in carcinogenetic processes were performed in the
rat model of colorectal carcinoma and stressed the importance of the
intestinal environment on the modulation of antitumor immunity.
Compared to conventionally reared animals, germ-free rats develop
fewer and smaller tumors. This result was associated with more active
local and systemic immune responses.'*”

PROBIOTICS AND PREBIOTICS IN DISEASE PREVENTION AND
THERAPY

Increased interest in the effects of the intestinal microbiota on human
health has resulted in attempts to optimize the composition of the
microbiota by dietary interventions or with probiotics, prebiotics or

Gut microbiota and mucosal barrier diseases
H Tlaskalova-Hogenova et al

both (symbiotics).*® The effects of probiotics depend on the prop-
erties of the microorganism used with both species- and strain-specific
effects. Probiotics are mainly lactic acid bacteria (Lactobacilli and
Bifidobacteria), but other bacterial species (enterococci or some strains
of E. coli) and yeast have also been used as probiotics. Probiotic bac-
teria are often consumed in foods such as yogurts and cheese, in food
supplements, or as drugs. Prebiotics are compounds that support the
proliferation of beneficial bacteria (Lactobacilli and Bifidobacteria) in
the intestine and include some saccharides (e.g., inulin). Probiotics
have been shown to favorably influence the development and stability
of the microbiota, inhibit the colonization by pathogens, influence the
mucosal barrier by trophic effects on the intestinal epithelium, protect
against physiological stress, and stimulate both specific and non-
specific components of the immune system.'’>'*”"'%> Probiotics
may well replace antibiotics whose resistance has been steadily increas-
ing. Similar to the effects of microbiota, the effects of administration of
probiotics and prebiotics are being intensively studied. Experiments
using cell cultures and animal models are being performed to demon-
strate the anti-inflammatory and immunomodulatory effects of dif-
ferent strains of probiotic microorganisms. To date, well-controlled
clinical studies to clearly document the therapeutic or preventive
effects of probiotics in various diseases are scarce. Even so, the thera-
peutic or preventive effects of certain probiotics have been documen-
ted in therapy of pouchitis, traveler’s and antibiotic-associated
diarrhea, irritable bowel syndrome and rotavirus enteritis.'®*'*> The
effects of probiotics in allergy prevention and therapy have been inten-
sively studied, but the results are not yet conclusive.'®® A long-lasting
effect on allergy prevention has been demonstrated in some studies.*”
The effects of probiotics on autoimmune and neoplastic diseases
have been studied far less than the effects on allergy and intestinal
diseases.'*”1¢®

Molecular mechanisms of probiotic effects in the intestine have
begun to be elucidated in humans by analyzing local changes in
their transcriptome.'® The use of recombinant probiotic bacteria
expressing a number of interesting biologically active molecules,
such as allergens that could induce tolerance and inhibit allergic res-
ponses after administration in the gut, represents an exciting new
direction,'”%!"!

CONCLUSION

Just as homeostasis of our body systems is the product of many
complex, redundant mechanisms, multigenic disease development
is also dependent on both missing and overactivated pathways. The
goal to find a common factor in the disease pathogenesis is difficult,
genetic and pathophysiological data are incomplete, and the indi-
vidual variability is enormous. Examination of the role of the
microbiota in human illnesses using animal models of human dis-
eases reared in defined (gnotobiotic) conditions could allow insight
into the unusual complexity of the mechanisms involved in the
initiation and maintenance of chronic diseases. Although the most
important findings in this fascinating field are still to come, it is
clear that our bacterial companions affect our fates more than
previously assumed.
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4. GENERAL DISCUSSION

Mucosal immune system maintains a critical interface between the self and the outer
environment. It has to balance induction of strong immune responses to danger signals as
well as hyporesponsiveness or tolerance to non-danger stimuli such as dietary antigens or
commensal microflora. In addition, it has to control these two phenomena not only locally
but distribute the control (with some tissue related specificities) through the whole mucosal
compartment. It is thus not surprising that mucosal immune system is important not only in
local affections at mucosa such as in nose in case of nasal polyposis, but also in organ
specific autoimmune disease, in which mucosal immune cells play an important role in
pathogenesis of the disease but mechanisms of mucosal immune mechanism are also
researched for the disease prevention or early cure.

In the first, more clinically oriented part of this theses we have investigated
increased expression of chemokine receptors CCR1 and CCR3 in NP versus nasal mucosa.
With respect to the hypothesis on the role of innate immune mechanisms and homeostasis
of epithelial cells in NP we documented increased number of iNOS-positive and insulin-
like growth factor-1 receptor (IGF-1R)-positive cells in both stroma and epithelium of NP.

Both pathogenesis and etiology of NP is not fully understood, what results in a lack
of causative treatments. Experiments to uncover pathogenetic mechanisms and etiological
agents are not easy to design, as there is no good experimental model of NP. It is therefore
difficult to distinguish what it the causative mechanism and what is just an outcome of the
pathological processes. Thus, no single agent or list of etiological agents has been identified
in nasal polyposis. NP is considered at present as a multifactorial disease, in which the
interplay of various environmental factors and genetic predisposition leads to its
development.

Innate immune mechanisms, epithelial cells and above all the granulocyte
infiltrate are most likely the major key players in the development of the disease. It is a bit
surprising, that although there is a massive, eosinophilic and neutrophilic infiltrate present
in the most common type of NP, these cell types have been a bit avoided or not adequately
studied. For example, there is indeed a study assessing the number of Foxp3® Tregs in nasal
polyposis (Li et al., 2008), however, the functional role of eosinophils in the disease
mechanisms has not yet been fully answered (Bachert et al., 2002; Fokkens et al., 2012;
Bachert et al., 2015; Kato, 2015). This corresponds to basic immunology research, where

methods evolved along the B and T cells, and NK cells, and only much later new functions
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and mechanisms of action were discovered in eosinophils and neutrophils (Goldmann and
Medinna, 2013). As regards the role of environmental factors, interaction of nasal mucosa
with nasal microbiom deserves much more attentions (Hamilos, 2014; Chalermwatanachai
et al., 2015). Last but not least, the definition of NP is rather old, based mainly on
histology. With the rapidly advancing techniques of molecular immunology, there is a high
need for a better definition of new (sub-) phenotypes of nasal polyposis (Bachert et al.,
2015; Kato, 2015; Hamilos et al., 1995).

The second part of this thesis deals with the role of mucosal immunity and
environmental factors (gluten-free diet and gliadin) in pathogenesis and prevention of type
1 diabetes.

Environmental factors (diets, microflora) play an important role in the recent
increase of type 1 diabetes (T1D) in developed countries. Studies in both NOD mice and
BB rats have documented that T1D is a diet-influenced disease (Scot, 1996; Coleman et al.,
1990) and that a non-purified, gluten-free diet highly prevents development of diabetes in
NOD mice (Funda et al., 1999; Schmid et al., 2004). Interestingly, there is published a case
report of a newly diagnosed type 1 diabetic on gluten-free diet without need of insulin therapy
(Sildorf et al., 2012). Because gluten-free (GF) diets highly prevent T1D in animal models
we investigated the effect of dietary gluten on the mouse mucosal immune system. We also
investigated innate signaling pathways of wheat proteins and tested intranasal gliadin as a
vaccination strategy for prevention or even early cure of type 1 diabetes in NOD mice.

The mechanisms of environmental factors e.g. gluten-free diet are difficult to study
because of the complexity of the topic. For example, the GF diet modifies the composition
of gut microflora (Hansen et al., 2006), diabetes incidence in NOD mice is also highly
influenced by intestinal microbiota as germ-free NOD females display 100 % diabetes
incidence and rapid onset of diabetes (Wen et al., 2008; Funda et al., 2007). In addition,
while diabetes preventive effect of some diets is microflora-dependent, the effect of the GF
diet is not (Funda et al., 2007). In the light of these observations it is of interest that since
diagnosis of individuals at high risk (2 or more autoantibodies) and rapid progression to
clinical onset of diabetes is available at present, recruitment of such individuals for a
prospective effect of gluten-free diet has started under the framework of the TEDDY (The
Environmental Determinants of Diabetes in the Young; https://teddy.epi.usf.edu/index.htm)

consortium.
Although type 1 diabetes is often reported as autoimmune disease it is good to keep in

mind that it does not fulfill one of the important criteria of autoimmunity as defined by the
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Witebsky and Rose (Rone and Bona, 1993); the disease-induction with a beta cell specific
autoantigen has never been achieved in T1D. Immunizations with neither beta cell
autoantigens nor pancreatic extract together with adjuvants were able to induce T1D
(Chatenoud and Bach, 2005).

Several of the beta-cell autoantigens that have prevented T1D in animal models
proceeded to human trials e.g. oral or intranasal insulin, s.c. and i.v. insulin or s.c.
GADG65/alum (Diabetes Prevention Trial-Type 1 Diabetes Study Group, 2002; Baker et al.,

2007; Wherrett et al., 2011). However none of these human trials has so far showed a
protective effect. This is also case in other autoimmune diseases (Hanninen and Harrison,
2004). In addition, there is always a danger of induction of autoimmunity when using beta
cell autoantigens for tolerance induction. Based on this evidence and also on the fact that
environmental factors play important roles in the recent increase of T1D, we think
environmental antigens related to T1D, such as intranasal gliadin and their mechanisms of
action should be researched as novel prevention strategies.

For many years researchers were looking what is causing type 1 diabetes, yet there
are several indications that in case of diabetes several environmental factors are rather
preventing clinical onset of the disease in genetically predisposed individuals than actively
causing it. Thus, a different view on the role of environmental factors has slowly evolved -
it is perhaps not so relevant what factors are causing the type 1 diabetes, but rather what
environmental factors prevented the full penetrance of the disease in the past and are not

any more.
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5. CONCLUSIONS

In the clinically oriented part of this thesis, we have focused on the role of mucosal
immunity of the upper respiratory tract in disease conditions by studying possible
pathogenic mechanisms of nasal polyposis - a very frequent diagnosis in ENT clinical
practice, which pathogenesis as well as etiology is not resolved.

(A) We documented increased expression of chemokine receptors CCR1 and CCR3 in
nasal polyps versus nasal mucosa. Increased number of CCR1 and CCR3 positive cells
within nasal stroma and increased epithelial expression of CCR3 was showed in NP. These
data document molecular basis for the increased migration and also accumulation of
neutrophils and eosinophils in NP. Both CCR1 and CCR3 molecules may represent

promising therapeutical targets in a local chronic inflammatory process such as NP.

(B) We studied the expression of insulin-like growth factor-1 receptor (IGF-1R) and
inducible nitric-oxide synthase (iNOS) in nasal polyps and showed statistically significantly
increased numbers of IGF-1R-positive and iNOS-positive cells in both stroma and
epithelium of NP compared to nasal mucosa. These findings may have implications for the

role of epithelial cell homeastasis and innate immune mechanism in pathogenesis of NP.

The second part of this thesis comprises experimental studies on the role of mucosal
immunity and environmental factors in autoimmune diseases. More specifically, we studied
the effect of environmental factors (diets, gliadin) on mucosal immune system of BALB/c
mice and prevention of type 1 diabetes in the spontaneous NOD mouse model. We also

addressed some innate mechanisms of gliadin actions.

(C) Using immunocompetent BALB/c mice, we compared effects of the diabetes-
preventive gluten-free diet and the standard, gluten containing diet on multiple regulatory T
cell subsets and Th17 cells. We found diet-related changes in yd T cells, CD4"CD62L" and
CD4*'CD45RB"™ T cells, Th17 cells, but not in CD4"Foxp3* Tregs, preferentially in
mucosal lymphoid organs (MLN, PP, PLN). Our data thus show that the two tested diets -
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diabetes permissive and diabetes preventive (in NOD mice) influence multiple regulatory T
cell subsets and Th17 cells, especially in the mucosal lymphoid compartment.

(D) We assessed the cytokine profiles of polyclonally stimulated T cells in BALB/c mice
fed the diabetes-preventive gluten-free diet and the standard, gluten containing diet. We
found an altered, more proinflammatory cytokine signature associated with the diabetes-
permissive, gluten containing standard diet in both mucosal but also systemic lymphoid
organs. We think the shift towards a more proinflammatory cytokine profile may be

directly related to the diabetes-permissive character of the standard diet.

(E) We investigated the innate signaling pathways of pepsin digest of gliadin and found that
it leads to robust induction of IL-1p and IL-1a as well as some induction of IL-18 in
PBMCs and monocytes from celiac disease patients. We then documented the IL-1p is
induced via the MAPK-NF-xB pathway, the process is caspase-1 dependent and requires
NLRP3 and ASC. Using various strains of KO mice we documented the
TLR2/4/MyD88/TRIF signaling pathways are involved in the innate signaling by the
pepsin digest of gliadin. Collectively, these data describe that innate immune pathways,
such as TLR2/4/MyD88/TRIF/MAPK/NF-xB and NLRP3 inflammasome activation are

involved in wheat proteins signaling.

(F) We tested a novel vaccination strategy in T1D by intranasal administration of an
external environmental substance to NOD mice. I.n. application of gliadin led to significant
prevention of diabetes and development of insulitis in NOD mice. It was even able to
reduce diabetes incidence in prediabetic mice with advanced insulitis. We described
changes in mucosal T cells, especially yd T cells and their cytokine profiles. In conclusion,
intranasal application of gliadin, an environmental antigen that has possible etilogocal
influence in T1D, may represent a novel and safe approach to prevention or even early cure
of T1D.
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